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Chapter  36 

WATER  FLOODING  IN  PENNSYLVANIA  f 
Charles  R.  Fettke  * 

ABSTRACT 


Artificial  water  flooding  has  been  developed  into 
the  outstanding  method  of  producing  oil  in  Pennsyl- 
vania. In  1946  about  HO  per  cent  of  the  oil  produced 
in  the  state  was  obtained  hv  this  method.  However, 
the  economically  successful  water-flooding  operations 
thus  far  are  restricted  to  a relatively  small  number 
of  pools,  located  in  the  northern  district.  The  Brad- 
ford Pool  has  contributed  the  major  part  of  the  oil 
obtained  by  water  flooding.  Successful  water  floods  on 
a fairly  extensive  scale,  however,  are  also  being  con- 
ducted in  the  Guffey  and  Burning  Well  Pools  in  McKean 
County  and  in  the  Clarendon  Pool  in  Warren  County; 
and  smaller-seale  operations  are  under  way  in  the  Kings 
Run  and  Windfall  Pools  of  McKean  County,  the 
Hebron  Center  and  Shingle  House  Pools  in  Potter 
County,  and  the  Glenhazel  Pool  in  Elk  County.  With 
the  exception  of  the  Clarendon  Pool,  the  oil  of  these 
pools  is  obtained  from  the  Bradford  Third  sand  or  a 
sand  of  very  similar  lithology  at  approximately  the  same 
geologic  horizon. 

The  oil  obtained  from  the  Bradford  Third  sand  is  a 
paraffin-base  wax-hearing  crude,  ranging  in  gravity  be- 
tween 42.6  and  46.5  deg  API,  and  possesses  a viscosity 
of  3.6  to  4.2  centipoises  at  reservoir  temperature.  Shal- 
low subsurface  fresh  water,  usually  chemically  treated 
and  filtered,  is  used  for  flooding  purposes.  It  is  intro- 
duced under  pressure  at  the  top  of  the  intake  wells. 
The  “five-spot”  arrangement,  in  which  each  producing 
well  is  located  at  the  center  of  a square  and  is  sur- 
rounded by  four  intake  wells  at  the  corners  of  the 

INTRODUCTION 

John  F.  Carll,  geologist  of  the  Second  Geological 
Survey  of  Pennsylvania,  called  attention  to  the  possi- 
bilities of  systematically  employing  water  flooding  to 
increase  the  recovery  of  oil  as  early  as  1880.la  Sharp 
increases  in  production  were  noted  during  early  acci- 
dental water  floods  just  before  the  water  entered  the 
producing  wells  from  adjacent  flooded  out  wells.2  In- 
tentional water  flooding,  on  a small  scale,  was  prac- 
ticed secretly  probably  as  far  back  as  the  early  90’s 
in  the  Bradford  Field.  It  was  not,  however,  until 
about  1920  that  artificially  conducted  water  drives  came 
into  extensive  use  in  the  northern  Appalachian  oil 
fields.  The  practice  was  legalized  in  Pennsylvania  by  an 
act  of  the  state  legislature  in  1921  when  applied  to  the 

* Carnegie  Institute  of  Technology,  Pittsburgh.  Pa. 

t Published  by  permission  of  the  director,  Pennsylvania  Bu- 
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a Figures  refer  to  REFERENCES  on  p.  442. 


square,  is  the  pattern  most  frequently  used  in  tin- 
present  intensive  and  complete  development  plan.  The 
distance  between  intake  and  producing  wells  ranges  from 
225  ft  to  250  ft.  Pressures  as  high  as  1,800  psi  to  2.000 
I»si  at  the  face  of  the  sand  in  the  intake  wells  are  em- 
ployed. Producing  wells  generally  are  pumped,  although 
hack-pressuring  and  flowing  of  the  oil  have  been  em- 
ployed on  a few  properties. 

The  ideal  Bradford  Third  sand  for  water-flooding 
purposes  is  one  in  which  practically  all  the  grains  arc 
less  than  0.2  mm  in  diameter,  with  a median  grain 
diameter  between  0.08  mm  and  0.09  nun.  The  porosity 
of  the  various  members  of  the  sand  falls  within  the 
limits  of  14  to  16  per  cent,  and  the  permeabilities  of 
these  members  are  between  5 and  10  millidarcys.  The 
sand  possesses  an  ayrerage  oil  saturation  of  40  per  cent 
or  more.  However,  locally,  successful  floods  are  being 
conducted  in  areas  where  the  sand  exhibits  considerable 
variation  from  this  ideal. 

A total  reserve  of  100,500.000  bid  of  oil,  recoverable 
by  present  water-flooding  methods  under  the  existing 
price  structure,  is  estimated  for  the  northern-district  oil 
fields  of  Pennsylvania,  as  of  January  1947.  A number 
of  experiments  employing  modern  intensive  method- 
in  fields  outside  the  northern  district  have  been  failures. 
Considerable  exploratory  and  experimental  work  will 
have  to  be  conducted  to  determine  whether  any  of  the 
potential  reserves  of  oil  remaining  in  these  fields  can 
be  recovered  by  yvater  flooding. 

Bradford,  Kane,  and  Haskell  sands.  Later  amendments 
to  the  act  added  the  Glade,  Clarendon,  Cherry  Grove, 
and  Balltown  sands.  Water  flooding  was  extended 
greatly  thereafter,  and  the  methods  of  applying  the 
water  drive  underwent  rapid  improvement.  In  1946 
about  80  per  cent  of  the  oil  produced  in  Pennsylvania 
was  obtained  by  this  method. 

Location  of  Water -Flooding  Operations 

Economically  successful  water  floods  in  Pennsylvania 
at  present  are  restricted  to  the  northern  district.  Of 
the  pools  shown  in  Fig.  1,  the  Bradford  Pool  contributes 
the  major  part  of  the  oil  obtained  by  water  flooding. 
Successful  water  floods  on  a fairly  extensive  scale,  how- 
ever, are  also  being  conducted  in  the  Guffey  and  Burn- 
ing Well  Pools  in  McKean  County  and  in  the  Clai'endon 
Pool  in  Warren  County;  and  smaller-scale  operations 
are  under  way  in  the  Kings  Run  and  Windfall  pools  of 
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Northern  Pennsylvania  Oil  Fields. 
FIG.  1 


McKean  County,  the  Hebron  Center  and  Shingle  House 
Pools  in  Potter  County,  and  the  Glenhazel  Pool  in  Elk 
County.  With  the  exception  of  the  Clarendon  Pool,  the 
oil  of  these  pools  is  obtained  from  the  Bradford  Third 
sand  or  a sand  of  very  similar  lithology  at  approxi- 
mately the  same  geologic  horizon.  The  Clarendon  sand 
of  the  Clarendon  Pool  lies  about  500  ft  stratigraphically 
above  the  horizon  of  the  Bradford  Third  sand.  The 
sands  occur  in  the  Canadaway  group  of  the  Upper 
Devonian. 

Geology 

Topography 

The  part  of  the  Allegheny  plateau  in  which  the 
northern-district  oil  fields  of  Pennsylvania  are  located 
is  a region  of  comparatively  rugged  topography,  with 
maximum  differences  in  elevation  of  almost  1,000  ft. 
Much  of  the  area  is  wooded.  Steep  slopes  are  common, 
and  they  increase  developing  and  operating  costs.  The 
topography  is  also  an  important  factor  in  determining 
the  depths  of  wells,  inasmuch  as  the  local  dips  of  the 
strata  under  most  of  the  area  are  very  low. 

Stratigraphy 

The  stratigraphic  positions  of  the  oil  sands  of  western 
Pennsylvania  are  shown  in  Fig.  2.  Consolidated  strata 
exposed  in  the  northern  district  range  in  age  from  Lower 
Pennsylvanian  to  Upper  Devonian,  in  descending  order. 
1 he  f ormations  overlying  and  containing  the  oil  sands 
have  the  following  thicknesses : 


Feet 

Pennsylvanian  System: 

Upper  Pottsville-Kanawha  series 190 

Mississippian  System : 

Knapp  formation  65-  200 

Devonian  System: 

Conewango  group — 

Oswayo  formation  200-  220 

Cattaraugus  red  beds 300-  345 

Conneaut  group  700-  720 

Canadaway  group  1,400-1,500 


With  the  exception  of  the  Glade  sand  of  Warren 
County,  which  it  is  believed  occurs  at  the  same  strati- 
graphic horizon  as  the  Bradford  First  sand  of  McKean 
County  and  the  Cuba  sandstone  of  Cuba,  Allegany 
County,  New  York,3  all  of  the  present  oil-producing 
sands  of  the  northern  district  occur  in  the  Canadaway 
group.  The  Cuba  sandstone  constitutes  the  basal  mem- 
ber of  the  Conneaut  group.4 

The  Canadaway  group  consists  of  a succession  of 
interbedded  greenish-gray  and  gray  shales,  in  part 
sandy,  fine-  to  coarse-grained  light-gray  sandstones 
and  fine-grained,  light  brownish-gray  to  chocolate-brown 
sandstones — all  deposited  under  marine  conditions. 
Shales  predominate.  The  sand  bodies  were  laid  down 
not  as  continuous  sheets,  but  as  elongated  and  lobate 
lenses.  It  was  only  locally  that  sorting  was  such  that 
sufficient  degrees  of  porosity  and  permeability  were 
developed  in  the  sand  bodies  to  make  them  suitable 
reservoir  rocks  for  the  accumulation  of  commercial 
deposits  of  oil  and  gas. 


DEVONIAN  SYSTEM  MISSISSIPPI  SYSTEM  PENNSYLVANIAN  SYSTEM 
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SOUTHWESTERN  DISTRICT 


BRADFORD  THIBO  SAND 
LEWIS  RUN  5 AN  0 


HASKELL  SAND 


Columnar  Sections  Showing  Stratigraphic  Positions 

FIG.  2 


of  Oil  and  Gas  Sands  of  Western  Pennsylvania. 


CANADAWAY  GROUP  CONNEAUT  GROUP  CONEWANGO  GROUP 
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Structure 

The  oil  pools  under  discussion  occur  in  the  northern 
part  of  the  Appalachian  Basin,  a broad  asymmetrical 
structural  trough  of  synclinorium,  whose  long  axis 
trends  in  a northeasterly  and  southwesterly  direction, 
with  the  steep  limb  on  the  southeast  side.  The  regional 
dip  of  the  strata  containing  the  oil  sands  is  about  25  ft 
per  mile  in  a slightly  west-of -south  direction;  and  the 
oil  sands,  therefore,  increase  in  depth  in  that  direction. 

The  southeast  side  of  the  Appalachian  Basin  in  its 
northern  part  is  modified  by  a series  of  rather  promi- 
nent anticlinal  and  synclinal  folds,  with  axes  trending 
approximately  parallel  to  the  long  axis  of  the  basin. 
These  die  out  gradually  northwestward.  The  oil  pools 
are  located  along  the  northwestern  margin  of  this  belt 
of  folds,  where  the  folds  have  become  relatively  broad 
and  gentle.  Therefore,  local  dips  over  most  of  the  area 
are  low  and,  therefore,  do  not  have  to  be  taken  into  con- 
sideration in  laying  out  intensive  flood  patterns. 

Oil  Sands 

The  oil  sands  of  the  Canadaway  group  are  not  con- 
tinuous bodies  of  sandstone,  but  consist  of  numerous 
lenses.  Each  sand  consists  of  a series  of  lenses  that 
occur  within  a relatively  narrowly  restricted  vertical 
zone.  Even  the  Bradford  Third  sand,  which  is  the  most 
extensively  developed,  when  studied  in  its  broader 
aspects,  is  found  to  possess  this  lenticular  character. 

The  Bradford  Third  sand— the  productive  sand  in  the 
Bradford,  Guffey,  and  Burning  Well  Pools — has  been 
the  source  of  most  of  the  oil  produced  by  water  flooding 
in  Pennsylvania.  In  the  three  pools  the  sand  possesses 
essentially  similar  characteristics.  It  lies  approximately 
600  ft  below  the  top  of  the  Canadaway  group.  Thus  far, 
the  Clarendon  sand,  about  500  ft  stratigraphically  above 
the  Bradford  Third,  is  the  only  other  sand  that  has 
been  exploited  to  any  extent  by  water  flooding. 

Bradford  Third  Sand 

Although  the  Bradford  Third  sand  locally  exhibits 
a fair  degree  of  homogeneity  with  respect  to  uniformity 
and  actual  size  of  grains,  porosity,  permeability,  and  oil 
saturation  when  compared  with  other  oil  sands  of 
western  Pennsylvania,  it  is  far  from  uniform  in  a strict 
sense.  Wide  variations  in  total  thickness,  number  and 
thickness  of  shale  breaks,  and  porosity  and  perme- 
ability of  individual  sand  layers  occur — often  between 
adjacent  properties,  and  even  between  offset  wells. 
The  parts  of  the  total  thickness  that  represent  oil- 
bearing sandstone  range  from  as  low  as  33  to  90  per 
cent  or  more.  Cross-bedding  in  the  individual  sand 
layers,  except  occasionally  on  a small  scale,  is  absent. 

Two  core  graphs  of  Bradford  Third  sand,  one  from 
Project  6 in  the  northwestern  part  of  the  Bradford 
Pool  and  one  from  Project  20  in  the  north-central  part 
of  the  Guffey  Pool  (Fig.  1),  are  shown  in  Fig.  3. 
Fortunately,  individual  sand  layers  locally  possess  a 
sufficient  degree  of  continuity  and  uniformity  with 


respect  to  permeability,  porosity,  and  oil  saturation 
to  make  water  flooding  possible.  This  is  shown  in  Fig. 
4,  which  represents  a cross-section  of  the  sand  on 
Project  4 (Fig.  1)  obtained  from  closely  spaced  cored 
wells.  Correlations  of  the  individual  sand  layers  are 
based  upon  such  characteristics  as  grain  size,  porosity, 
permeability,  and  oil  and  water  saturation.  It  will  be 
observed  that  the  individual  sand  layers  are  not  parallel 
to  the  top  of  the  sand  body,  but  make  a slight  angle 
with  it;  and  that  new  layers  come  in  at  the  top,  going 
in  a northwesterly  direction;  and  that  bottom  layers 
presumably  wedge  out  in  that  direction,  if  followed  far 
enough,  where  the  sand  body  retains  essentially  the 
same  total  thickness.  Maynard  M.  Stephens  of  the 
Ryder  Scott  Company,  who  prepared  the  aforemen- 
tioned cross-section,  has  obtained  sections  in  areas  near 
the  eastern  edge  of  the  pool  that  show  similar  features.5 

The  Bradford  Third  sand  is  a grayish-brown  to 
chocolate-brown  sandstone  composed  largely  of  fine  to 
very  fine,  angular  quartz  grains.  Occasionally  a few 
well-rounded  small  pebbles  of  transparent  to  milky 
quartz,  up  to  3 mm  in  diameter,  occur  scattered  through 
the  sandstone.  These  are  mostly  in  the  upper  layers, 
and  only  locally  constitute  any  appreciable  volume  of 
the  rock. 

In  thin  sections,  the  sandstone  presents  an  inter- 
locking mosaic  of  fine  angular  quartz  grains.  A few 
flakes  of  biotite  and  muscovite  mica  and  an  occasional 
feldspar  grain  are  present  in  almost  all  thin  sections. 
Some  of  the  mica  flakes  are  bent  around  the  quartz 
grains.  The  biotite  has  been  altered  in  part  to  chlorite. 
A small  amount  of  interstitial  clay  occurs  between  the 
quartz  grains  and  coating  them,  but  is  not  distributed 
uniformly.  Krynine  estimates  that  the  sand  contains 
on  an  average  of  3 to  10  per  cent  of  clay  and  not  more 
than  15  per  cent;  but  that  the  pore  walls  are  lined  with 
clay  in  amounts  ranging  from  20  to  80  per  cent  of  the 
wall  area.6  Preliminary  studies  indicate  that  illite  is 
the  commonest  clay  mineral  present,  but  that  some 
montmorrilonite  and  kaolinite  also  are  present.7  The 
small  amount  of  clay  mentioned  and  silica,  as  a secon- 
dary crystalline  outgrowth  from  the  original  quartz 
grains,  form  the  bond.  Calcite  and  related  carbonates, 
except  locally,  are  not  present  in  large  enough  amounts 
to  constitute  an  important  bonding  agent.  Occasional 
small  clusters  of  minute  pyrite  crystals,  of  authigenic 
origin,  are  present.  In  sections  cut  perpendicular  to 
the  bedding,  stratification  frequently  is  indicated  faintly 
by  the  alignment  of  the  occasional  mica  flakes  and 
some  of  the  elongated  quartz  grains  parallel  to  the 
bedding  planes. 

The  ideal  Bradford  Third  sand  for  water  flooding, 
as  shown  by  comparisons  of  core  analyses  and  produc- 
tion data,  is  one  in  which  practically  all  the  grains  are 
less  than  0.2  mm  in  diameter,  with  a median  grain 
diameter  between  0.08  and  0.09  mm,  and  with  the 
porosity  of  the  various  members  of  the  sand  body  falling 
within  the  limits  of  14  to  16  per  cent  and  permeabilities 
between  5 and  10  millidarcys.  The  ideal  sand  possesses 
an  average  oil  saturation  of  40  per  cent  or  more.  How- 
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PROJECT  6 


PROJECT  2 0 


Permeability  mi  I lida  rcys 


Core  Graphs  of  Two  Sections  of  Bradford  Third  Sand. 


FIG.  3 
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Cross-section  through  Bradford  Third  Sand,  North  Central  Part  of  the  Bradford  Field,  Showing  Con- 
tinuity and  Lensing  of  the  Sand  Layers  as  Indicated  hy  Closely  Spaced  Cored  Wells. 

FIG.  4 


ever,  successful  water  drives  have  been  conducted  in 
areas  where  the  average  permeability  of  the  sand  has 
been  as  low  as  2.5  millidarcys;  and  appreciable  thick- 
nesses possessed  permeabilities  as  low  as  0.5  millidarcys, 
where  oil  saturations  of  37  per  cent  or  more  existed. 
In  the  interpretation  of  core  analyses,  it  is  common 
practice  to  assume  that  permeable  layers  of  sand  will  be 
flooded  to  a 25-per-cent  residual-oil  content.  However, 
there  is  a feeling  among  some  operators  that  a lower 
residual-oil  content  will  be  attained  on  some  properties. 
There  are  projects  under  development  where  core  anal- 


yses indicate  oil  saturations  in  the  low  30’s.  Areas  in 
which  the  residual  reservoir  pressure  was  still  relatively 
high  have  responded  better  to  water  flooding  than 
those  in  which  the  pressure  had  been  reduced  to  almost 
atmospheric.  The  presence  of  some  gas  is  an  asset  to 
flooding  efficiency.  As  a general  rule,  those  areas  in 
which  the  yield  per  aci’e  by  natural  production  was 
high  also  have  given  the  best  results  when  later  sub- 
jected to  water  flooding. 

In  certain  parts  of  the  Bradford  Pool,  particularly 
in  the  southeastern  lobe,  but  not  restricted  entirely  to 
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it,  there  are  certain  layers  in  the  sand  body  called 
“loose  streaks”  which  possess  a much  higher  degree  of 
permeability  (120  to  350  miliidarcys)  than  the  average 
Bradford  Third  sand.  The  layers  are  characterized 
also  by  a slightly  coarser  texture,  and  they  possess  a 
higher  porosity.  Median  diameters  range  from  0.135 
mm  to  0.157  mm,  and  porosities  between  21  and  26  per 
cent.  Oil  saturations  in  excess  of  40  per  cent  frequently 
exist  in  these  layers.  The  “loose  streaks”  present  one 
of  the  most  difficult  conditions  to  contend  with  in  the 
application  of  the  water  drive.  They  are  not  confined  to 
any  particular  position  in  the  sand  body,  but  may  occur 
in  its  upper,  middle,  or  lower  parts.  Satisfactory  re- 
coveries are  obtained  when  the  highly  permeable  layers 
constitute  a large  enough  percentage  of  a normal  thick- 
ness of  sand  body  and  possess  sufficiently  high  oil 
saturations,  but  in  these  cases  the  ratios  of  water 
input  and  water  output  to  oil  are  much  higher  than  in 
areas  of  more  normal  conditions.  Floods  in  “loose 
streaks”  reach  their  economic  limit  before  the  layers 
of  sand  having  only  average  permeabilities  are  watered 
out.  The  greatest  difficulty  occurs  where  highly  perme- 
able layers  possess  considerable  thicknesses  that  are  not 
interrupted  vertically  by  shale  breaks.  The  perme- 
ability of  Bradford  Third  sand  perpendicular  to  the 
bedding,  on  the  average,  is  about  two-thirds  of  the 
permeability  parallel  to  the  bedding  when  measured 
in  the  same  sample.  When  a thick  sand  body  of  high 
permeability  and  lacking  in  shale  breaks  is  flooded,  the 
flood  is  not  confined  in  a vertical  direction,  and  water 
sometimes  bypasses  oil  within  such  layers  quite  readily 
and  in  surprisingly  large  quantities. 

The  permeability  distribution  of  the  sand  layers, 
considered  in  a vertical  profile,  is  an  important  char- 
acteristic of  the  sand  body.  The  shape  of  the  produc- 
tion curve  depends  upon  this  characteristic  to  a major 
extent. 

Character  of  Oil 

The  oil  obtained  from  the  Bradford  Third  sand  is  a 
paraffin-base  wax-bearing  crude.  In  gravity,  it  ranges 
between  42.6  and  46.5  deg  API.  The  crude  oil  obtained 
from  a well  producing  no  flood  water  had  a viscosity  of 
3.6  centipoises,  at  the  reservoir  temperature  of  67.7  deg 
F,  encountered  at  a depth  of  1,710  ft;  and  that  from 
a well  producing  approximately  10  times  as  much  flood 
water  as  oil,  a viscosity  of  4.2  centipoises,  at  the 
reservoir  temperature  of  70.5  deg  F,  measured  at  a 
depth  of  1,999  ft.8  The  oil  exhibits  little  tendency  to 
form  emulsions  under  water-flooding  conditions.  The 
separation  of  paraffin  wax  from  the  crude  oil  within  the 
oil  string  of  flood  wells,  however,  constitutes  a trouble- 
some production  problem.  The  paraffin  accumulates 
mostly  in  the  upper  half  of  the  tubing.  On  some  proper- 
ties it  is  necessary  to  pull  the  rods  once  every  month 
to  remove  the  wax,  and  on  most  properties  this  has  to 
be  done  at  least  once  every  three  months. 

Water  Resources 

An  average  of  8 bbl  to  9 bbl  of  water  is  required  to 
produce  1 bbl  of  oil  from  the  Bradford  Third  sand.  In 


some  projects  the  amount  is  as  high  as  25  bbl  when 
computed  for  the  entire  life  of  the  flood.  Prior  to  1928 
practically  all  water  flooding  was  done  by  admitting 
shallow  subsurface  water  to  the  intake  wells.  This  was 
accomplished  by  raising  the  casing.  The  water  supply 
for  flooding,  therefore,  consisted  of  water  already  stored 
in  the  ground  under  the  tract  being  flooded,  plus  annual 
accretions  from  the  local  rainfall.  With  the  exception 
perhaps  of  properties  along  narrow  divides,  the  quantity 
of  water  in  this  upper  zone  was  usually  adequate  for 
the  type  of  slow-moving  floods  then  used.  It  is  not 
sufficient,  however,  for  intensive  floods.  The  quantity  of 
water  injected  into  the  sand  during  the  first  year’s 
operation  of  an  intensive  flood  is  sufficient  to  cover  the 
area  under  development  to  a depth  anywhere  from 
6 in.  to  33  in.  On  many  properties  it  has  amounted  to 
12  in.  or  more.  The  quantity  of  water  required  for  a 
particular  area  during  the  course  of  a year,  therefore, 
may  exceed  the  run-off  from  that  area;  and,  in  some 
instances,  even  may  exceed  the  total  precipitation 
upon  it. 

The  Allegheny  plateau  fortunately  is  a region  of 
abundant  rainfall,  so  that  the  problem  of  finding  enough 
water  to  carry  on  the  present  extensive  flooding  opera- 
tions has  not  been  a serious  one — although,  in  some 
instances,  it  has  been  necessary  to  supplement  local 
supplies  with  water  from  outside  the  producing  area. 
As  the  area  under  development  has  increased,  the  prob- 
lem of  securing  sufficient  water  has  become  more 
complex. 

The  use  of  surface  water  for  flooding  has  been 
practically  negligible.  In  a few  isolated  cases,  creek 
water  has  been  used  as  an  emergency  source  when  no 
other  water  was  available,  but  even  in  these  cases  its 
use  has  not  been  prolonged.  When  the  water  was  not 
filtered,  trouble  was  experienced  because  of  mudding 
of  the  sand.  No  attempt  to  date  has  been  made  to 
recycle  produced  flood  water. 

The  bed-rock  formations  underlying  the  part  of  the 
Allegheny  plateau  in  which  the  northern-district  oil 
fields  of  Pennsylvania  are  located— with  the  exception 
of  the  Pottsville  and  Knapp  sandstones  and  conglomer- 
ates, which  are  confined  largely  to  the  southern  part 
of  the  area  where  they  cap  rather  broad  divides — con- 
tain no  well-defined  water-bearing  horizons.  The  sand- 
stones helow  the  Knapp  are  usually  fine-grained  and 
shaly.  They  are  low  in  porosity  and  permeability,  and 
are  lenticular.  Most  of  the  strata  below  the  Knapp  are 
sandy  shale  and  clay  shale.  Available  subsurface-water 
supplies  in  these  beds  are  confined  to  fractures  and 
local  sandy  lenses  in  the  upper  zone,  whose  average 
lower  limit  occurs  at  a depth  of  360  ft  and  rarely  ex- 
tends below  500  ft,  regardless  of  the  horizon  at  which 
a particular  well  starts.  In  the  southern  part  of  the 
district,  water  for  flooding  is  obtained  from  the  Potts- 
ville and  Knapp  sandstones,  which  cap  the  broad  divides. 
Wells  with  capacities  up  to  600  bbl  per  day  are  the 
source  of  water  for  some  of  the  pressure  plants  in 
this  area. 

Fortunately,  all  of  the  larger  valleys  have  been  filled 
in  recent  geologic  time  with  alluvium — in  some  places 
to  depths  of  250  ft.  Ground  water  draining  down  the 
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slopes  through  the  loose  material  covering  the  hillsides 
enters  gravelly  and  sandy  layers  in  the  alluvial  deposits 
in  large  quantities.  It  then  travels  very  slowly  in 
these  deposits,  in  the  direction  of  the  slope  of  the  old 
valley  floor.  As  they  are  still  in  an  unconsolidated  con- 
dition, these  deposits  are  capable  of  holding  relatively 
large  volumes  of  water,  in  contrast  to  the  sandy  shales 
and  shales  that  constitute  most  of  the  bed  rock.  Their 
permeability  is  high,  so  that  copious  flows  of  water  can 
be  obtained  from  them.  Wells  drilled  to  the  bottom  of 
the  alluvial  deposits  commonly  yield  from  600  bbl  to 
1,800  bbl  of  water  per  day.  Some  are  producing  as  high 
as  12,500  bbl  per  day.  In  many  places  water  confined 
in  gravelly  and  sandy  layers  near  the  base  of  such 
deposits  is  under  sufficient  head  to  rise  to  the  surface 
when  a well  penetrates  such  layers.  The  major  part 
of  the  water  now  used  for  flooding  purposes  is  obtained 
from  deposits  of  this  character. 

An  ideal  water  for  flooding  purposes  is  one  that  is 
most  efficient  in  removing  oil  from  the  sand,  and  one 
that  contains  no  substances  that  will  cause  the  forma- 
tion and  deposition  of  solid  material  in  the  pores  of  the 
sand.  Due  to  the  fine  texture  of  its  pore  pattern,  it  is 
particularly  important  that  no  deposits  are  permitted 
to  form  in  the  Bradford  Third  sand.  There  are  few 
waters  that  are  ideal  for  flooding  purposes  in  the  raw 
state.  However,  many  can  be  conditioned  by  proper 
treatment  and  handling  so  that  they  will  be  free  from 
suspended  matter — such  as  solid  impurities,  precipi- 
tates, and  algae  or  bacterial  growths  at  the  time  that 
they  reach  the  face  of  the  sand  in  the  intake  wells — 
and  will  be  stable  chemically  and  not  cause  deposition 
of  solids  in  the  pores  of  the  sand.  Extremely  fine  silt, 
clay,  and  organic  matter  in  suspension  are  removed 
by  filtration.  Iron  and  manganese  in  solution  are  com- 
monly removed  by  aeration  or  the  use  of  chemicals  and 
filtration.  Oxygen  is  sometimes  removed  by  the  use  of 
sodium  sulfite  or  bisulfite.  To  minimize  the  corrosion 
of  pipe  lines,  the  alkalinity  and  pH  of  the  water  are 
adjusted  by  means  of  lime,  caustic  soda,  or  soda  ash. 
Polyphosphates  have  been  found  helpful  in  holding 
carbonates  in  solution,  lessening  corrosion,  and  in  some 
instances  making  the  water  more  efficient  in  removing 
oil.  The  growth  of  algae  and  bacteria  is  prevented  by 
the  addition  of  copper  sulfate,  sodium  hypochlorite,  or 
chlorine.  Settling  and  filtering  play  an  important  part 
in  the  foregoing  program.  In  some  cases,  a small 
amount  of  alum  is  used  to  serve  as  a flocculating  agent. 

Most  water  for  flooding  in  Pennsylvania  is  being 
handled  in  one  of  the  following  ways : 9 

Open  system:  In  the  open  system  the  water  is  either 
flowed  by  air  from  the  well  and  is  splashed  into  a raw- 
water  tank  or  into  a small  receiver  before  flowing  into 
the  tank,  or  the  water  is  lifted  by  a turbine  pump  to 
aii  aerator  which  is  located  at  the  top  of  the  raw-water 
tank.  Any  chemical  treatment  is  carried  out  in  the 
raw-water  tank,  and  time  for  settling  is  allowed.  The 
water  is  then  filtered  and  flowed  or  pumped  to  the 
filtered-water  tank,  where  it  is  available  for  the  high- 
pressure  pumps.  In  some  cases  no  filters  are  used.  The  I 


open  system  is  used  where  the  water  is  highly  mineral- 
ized, particularly  if  it  contains  appreciable  iron  in  solu- 
tion and  when  it  needs  to  be  aerated. 

Air-free  system:  In  the  air-free  system  the  water  is 
flowed  by  a turbine  pump,  and  no  oxygen  is  permitted 
to  enter  the  water.  The  water  goes  to  the  raw-water 
storage  tank,  where  it  is  treated  and  permitted  to  settle. 
If  small  amounts  of  oxygen  have  entered  the  water, 
a deoxygenating  chemical,  such  as  sodium  sulfate  or 
bisulfite,  may  be  added.  The  water  then  goes  through 
the  filters  and  to  the  filtered-water  tank,  from  which  it 
enters  the  suction  end  of  the  high-pressure  pumps.  The 
air-free  system  is  the  popular  method  if  the  water  is 
not  too  highly  mineralized. 

Closed  system:  In  the  closed  system,  a turbine  pump 
forces  the  water  directly  from  the  well  to  the  suction 
end  of  the  high-pressure  pumps.  It  has  been  used  only 
to  a limited  extent. 

Electric  Logging  and  Coring 

During  the  past  four  years  the  use  of  electric  logs 
has  played  an  increasingly  important  role  in  the  de- 
velopment of  water-flooding  projects  in  the  northern- 
district  oil  fields  of  Pennsylvania.  The  development  of 
the  simple,  inexpensive,  single-electrode  logging  system 
was  largely  instrumental  in  the  early  adoption  of  the 
technique  for  discrimination  of  sand  and  shale,  and  in 
the  resulting  more  effective  placement  of  shots.  Later 
attempts  to  interpret  more  accurately  actual  physical 
characteristics  and  saturation  conditions  of  the  sand 
proper  led  to  the  use  of  the  more  complex  multiple- 
electrode  system  of  logging.  The  complicating  factors 
that  make  quantitative  interpretations  difficult  are: 
1,  the  thinness  of  individual  sand  layers;  2,  the  varia- 
tion in  porosity;  3,  the  variation  of  interstitial-water 
salinity;  and,  4,  the  ever-present  flood  water,  which  is 
almost  the  rule  rather  than  the  exception.  Absolute 
quantitative  determinations  are  difficult,  if  not  im- 
possible, to  obtain;  and  the  electric  log,  therefore,  is 
most  effectively  utilized  by  relative  comparison  to 
another  electric  log  taken  in  a nearby  cored  well. 

At  least  60  per  cent  of  the  current  water-flood  de- 
velopment work  in  the  northern-district  fields  is  con- 
trolled by  the  use  of  electric  logs  in  conjunction  with 
cores  taken  by  the  Baker  cable-tool  coring  method. 
Common  practice  is  to  core  about  10  per  cent  of  all 
wells  on  a property,  but  this  ratio  will  vary  consider- 
ably according  to  the  sand  conditions  and  difficulties 
encountered.  All  core  wells  are  electric-logged,  and 
any  and  all  relations  are  noted  between  the  electric-log 
curves  and  the  core  data  for  that  particular  well.  Con- 
trol between  core  wells  is  then  obtained  by  the  electric 
logging  of  all  intervening  wells  and  by  a comparison 
of  these  logs  with  the  log  taken  in  the  core  well.  Thick- 
ness changes  of  sand  layers  between  core  wells  is  accu- 
rately determined.  Radical  changes  in  saturation  con- 
ditions can  usually  be  detected,  especially  water  satura- 
tions, and  large  changes  in  porosity  and  permeability 
can  usually  be  noted.  In  general,  the  shot  designed  for 
the  intei'vening  wells  is  a modification  of  the  shot  de- 
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signed  for  the  nearest  core  well — with  allowances  for 
all  changes  noticeable  from  the  electric  log. 

Chip  coring  or  sampling  is  another  method  that 
has  become  standard  practice  with  a number  of  op- 
erators. During  1947  more  than  25  per  cent  of  all  wells 
drilled  in  connection  with  water-flooding  operations 
were  “chipped.”  The  chip  samples  are  cut  from  the 
sand  formation  with  an  ordinary  cable-tool  bit  which 
is  dressed  slightly  sharper  than  usually.  Standard 
practice  requires  the  cutting  of  approximately  1 ft  of 
formation  on  each  run.  In  coring  50  ft  of  formation, 
therefore,  50  representative  core  samples  usually  are 
obtained.  The  chip  samples  are  brought  to  the  surface 
with  a Larkin  sand  pump,  and  are  placed  immediately 
into  sample  jars  containing  the  fluid  used  for  the  solvent 
extraction  of  the  oil. 

The  technique  of  chip  coring  requires  the  use  of 
laboratory  procedures  developed  particularly  for  mea- 
suring the  permeability,  porosity,  and  saturation  of 
small  sand  samples.  After  these  determinations  are 
made  for  each  sample,  the  thickness  and  position  of  the 
individual  sand  layers  comprising  the  entire  formation 
are  determined  by  an  examination  of  the  actual  sand 
samples  and  their  correlation  with  the  laboratory  re- 
sults. The  resultant  log  of  the  well  and  profiles  of  the 
test  values  are  used  to  design  the  shot  for  the  sand. 

The  electric  log  is  used  very  little  in  conjunction  with 
chip  sampling  of  the  formation  because  of  the  general 
practice  of  chipping  every  well  in  a development.  Its 
chief  use  in  this  method  of  control  is  to  log  the  old 
wells  which  are  to  be  used  in  the  new  pattern  and  which 
cannot,  of  course,  be  chipped. 

The  remaining  15  per  cent  of  wells  currently  drilled 
are  largely  those  of  smaller  operators  who  do  not  con- 
sistently use  either  of  the  foregoing  methods  of  con- 
trol, but  occasionally  use  parts  of  one  or  both. 

Coring  with  the  diamond  drill  is  used  only  to  a limited 
extent  because  of  the  cost,  although  it  has  the  advantage 
of  giving  a continuous  section  of  the  sand  body.  A com- 
parison of  diamond  and  chip-core  analyses  in  pairs  of 
adjacent  cores  taken  8 ft  apart  showed  reasonably  good 
overall  agreement  as  to  oil  saturation  and  effective 
porosity,  although  individual  measurements  varied  as 
much  as  10  to  100  per  cent  in  some  instances.  The  chip 
samples  were  taken  every  6 in.,  whereas  under  the 
routine  practice  only  about  one  set  of  samples  per  foot 
is  taken.10  The  cores  were  taken  in  an  area  that  had 
been  essentially  depleted  by  flooding;  and  it  is  doubtful, 
therefore,  whether  the  possible  flushing  action  of  the 
circulating  fluid  used  while  diamond  coring  would  be 
readily  apparent,  because  the  sand  probably  already 
had  been  reduced  to  a minimum  oil  saturation  by  the 
flood  water. 

A method  of  core  analysis  using  a chemical  tracer, 
viz.,  dextrose,  has  been  developed  which  resolves  the 
total  water  found  in  a core  sample  into  its  three  com- 
ponent parts,  viz.,  drilling,  flood,  and  residual  connate 
water.11  This  additional  information  has  the  following 
field  applications: 

Determination  of  true  connate-water  content:  A 


knowledge  of  the  true  connate-water  content  of  the  reser- 
voir is  necessary  for  several  engineering  calculations. 
The  residual  connate-water  saturation  found  by  this 
method,  after  being  corrected  slightly  for  drill-water 
flushing,  gives  the  true  connate-water  saturation  accu- 
rately enough  for  most  calculations.  This  has  been 
checked  by  oil-base  mud  cores. 

Detecting  presence  of  old  floods:  The  presence  of  old 
and  often  unsuspected  floods  is  easily  detected  by  the 
extremely  low  values  of  residual  connate  water  (between 
2 to  4 per  cent  of  the  pore  space)  and  large  values  of 
flood  water  found  in  the  core.  Positive  identification  of 
sands  that  have  been  subjected  to  old  floods  is  quite 
important  in  evaluating  a property  for  water  flooding. 

Evaluation  of  neighboring  floods:  The  more  compre- 
hensive information  available  from  this  method,  on 
which  of  the  sand  layers  have  been  flooded,  as  well  as 
the  extent,  has  led  to  the  development  of  a system  of 
core  location  whereby  cores  are  taken  directly  adjacent 
to  an  old  neighboring  flood.  The  results  from  these 
watered-out  cores  constitute  a virtual  field  flood  pot,  and 
provide  information  on  the  flood  action  in  each  layer  of 
sand — which  is  most  helpful  in  the  subsequent  develop- 
ment and  production  of  the  property. 

Determination  of  lensing  factor:  Determination  of 
the  lensing  (sand  pinch-out)  factor  can  be  rather  easily 
determined  with  this  method.  It  is  necessary  to  core  a 
location  between  a water-intake  well  and  the  producer 
in  an  old  flood  development.  Differentiation  of  the  sands 
showing  flood  action  and  those  unaffected  is  unmis- 
takable. 

Salt-water  movements:  Movement  of  salt  water 

through  the  sand  is  a frequent  occurrence  on  the  mar- 
gins of  Bradford  Third  sand  pools.  -This  method  readily 
detects  even  small  movements  of  this  type — which,  in 
many  cases,  are  of  insufficient  volume  to  be  immediately 
apparent.  Differentiation  of  this  condition  from  drill- 
water  flushing  is  quite  important  in  a prediction  of 
recoverable  oil  by  water  flooding. 

Determination  of  oil  flushed  from  core  by  drill  water : 
An  evaluation  and  correlation  of  residual  oil,  residual 
connate  water,  and  percentage  of  drilling  water  in  a 
large  number  of  cores  of  varying  permeability  has  pro- 
vided sufficient  data  to  calculate  the  oil  flushed  from  a 
core  by  a determined  amount  of  drilling  water.  Baker 
cable-tool  coring  in  the  Bradford  Third  sand  results  in 
a drilling-water  contamination  of  from  5 to  30  per 
cent  of  the  pore  space,  and  averages  close  to  20  per 
cent.  The  most  important  factors  governing  the  quan- 
tity of  oil  flushed  from  the  core  by  drilling  water  are 
the  permeability  of  the  sand  and  its  previous  flooding- 
history.  For  example,  drilling  water  can  remove  no 
oil  if  a sand  has  already  been  watered  out  by  an  old 
flood.  Furthermore,  sands  of  low  permeability  (less 
than  5 millidarcys)  appear  to  imbide  substantial 
quantities  (15  to  20  per  cent)  of  drilling  water  with- 
out undergoing  noticeable  flushing.  This  drill-water 
flushing  factor  is  quite  important  in  evaluating  oil  in 
place  and  recoverable  oil.  From  coring  about  60  wells 
in  the  Bradford  Field  by  this  method,  it  is  believed 
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that  from  0 to  7 per  cent  of  the  pore  space  of  a core 
sample  is  flushed  of  oil  by  cable-tool  coring. 

Location  of  water  intrusion:  The  exact  point  of 

entry  of  salt  or  flood  water  is  located  and  differentiated 
by  this  method.  This  is  accomplished  by  analysis  of 
dextrose  and  chloride  concentration  of  the  core-tube 
water  and  its  comparison  with  the  original  content  of 
the  drill  water  injected. 

Development  Praetiee 

The  process  of  water  flooding  consists  of  applying 
water  under  pressure  to  the  oil-bearing  horizon  by 
means  of  water-intake  wells,  so  located  that  the  bank 
of  oil  which  accumulates  ahead  of  the  advancing  water 
(as  the  latter  permeates  the  sand)  is  forced  toward 
producing  wells.  The  “five-spot”  arrangement,  in  which 
each  producing  well  is  located  at  the  center  of  a square, 
and  is  surrounded  by  four  intake  wells  at  the  corners 
of  the  square,  and  occasionally  the  “seven-spot,”  in 
which  each  producing  well  is  located  at  the  center  of 
a hexagon  and  is  surrounded  by  six  intake  wells  at  the 
corners,  are  the  patterns  used  most  frequently.  In 
laying  out  a pattern  for  a flooding  operation,  generally 
no  attention  is  paid  to  the  location  of  old  wells  on  the 
property.  These  either  are  pumped  along  with  the  new 
producing  wells  until  they  are  watered  out,  or  they 
are  plugged.  Occasionally  an  old  well,  if  it  happens  to 
fit  rather  closely  into  the  pattern,  may  be  cleaned  out 
and  used  either  as  a producing  or  an  intake  well — 
depending  upon  its  location. 

In  developing  tracts  containing  old  floods,  care  has 
to  be  exercised  not  to  drill  producing  wells  at  points 
where  most  of  the  sand  body  already  has  been  watered 
out.  Attempts  to  drive  oil  toward  such  wells  from  areas 
that  have  not  yet  been  reached  by  the  flood  waters 
have  not  proved  successful.  Although  water  constitutes 
a good  driving  medium  for  oil,  the  reverse  is  not  true. 

In  the  development  of  partly  flooded  properties,  core 
analyses  are  used  to  place  the  producing  wells  in  the 
center  of  the  oil  concentration  in  each  five-spot  rather 
than  at  the  geometric  center.  As  the  poorer  areas  of 
the  Bradford  Field  are  developed,  core  data  also  are 
used  to  determine  the  areal  limit  of  economic  production. 

The  spacing  now  used  between  water-input  and  pro- 
ducing wells  has  been  determined  largely  by  long  ex- 
perience. In  some  of  the  earlier  “five-spot”  developments, 
distances  between  water-intake  and  producing  wells 
were  as  low  as  150  ft.  Now  distances  of  225  ft  to  250  ft 
are  the  common  practice.  A study  of  production  data 
reveals  that  this  increase  apparently  has  not  resulted 
in  any  decrease  in  oil  recovery  per  acre-foot  of  oil- 
bearing sandstone.  On  the  other  hand,  it  has  resulted 
in  a considerable  decrease  in  development  and,  hence,  in 
production  costs.  However,  because  of  the  marked  va- 
riations in  the  character  of  the  sand  within  relatively 
short  distances,  it  is  doubtful  whether  it  would  be  ad- 
visable to  widen  the  spacing  still  further.  In  excep- 
tionally thick  bodies  of  sand  containing  shale  breaks, 
it  may  be  advisable  to  shorten  the  distance  if  core 


analyses  show  a sufficiently  large  oil  content  per  acre. 
The  local  sand  conditions  have  to  be  considered  in  de- 
termining the  spacing  for  a particular  tract. 

The  cable-tool  system  is  used  exclusively  for  drilling 
wells.  In  most  cases,  semi-portable  drilling  rigs,  or 
portable  drilling  machines,  are  employed.  Gasoline  en- 
gines, and  occasionally  electric  motors,  furnish  the 
power  for  drilling. 

Ordinarily  from  30  ft  to  40  ft  of  8i-in.  drive  pipe 
are  used  in  starting  a well.  In  the  alluvial  filled  valleys, 
however,  considerably  greater  lengths  of  drive  pipe  are 
required,  viz.,  up  to  250  ft  in  some  localities.  The  aver- 
age lower  limit  at  which  ground  water  is  encountered 
is  360  ft;  and  it  rarely  exceeds  500  ft,  regardless  of  the 
horizon  at  which  a well  starts.  Casing,  61  in.  in  diame- 
ter, is  used  to  shut  off  this  water.  Wells  usually  are 
drilled  deep  enough  to  provide  a 25-ft  pocket  below  the 
bottom  of  the  sand  in  the  intake  wells  and  a 50-ft 
pocket  below  the  bottom  of  the  sand  in  producing  wells. 

Both  intake  and  producing  wells  are  shot.  The  ex- 
perience has  been  that  wells  which  are  not  shot  do 
not  give  good  results.  From  2 qt  to  5 qt  of  nitro- 
glycerine per  foot  of  pay  sand  are  used.  Shells  of 
different  diameter  commonly  are  used  opposite  the  vari- 
ous sand  layers  which  constitute  the  sand  body.  At 
present,  either  core  data  or  electric  logs  are  utilized  in 
designing  the  shots  for  approximately  85  per  cent  of 
the  wells  drilled.  Wells  are  sometimes  shot  within  18 
in.  of  the  point  where  the  bottom  of  the  packer  will 
be  set,  and  2 ft  to  3 ft  is  common  practice. 

Delayed  drilling  has  been  practiced  by  a few  opera- 
tors. The  producing  wells  were  drilled  anywhere  from 
6 to  18  months  after  the  water  had  been  applied  to  the 
sand — this  approximating  the  time  required  on  different 
tracts  for  the  producing  wells  to  reach  their  peak  in 
oil  production,  when  these  producing  wells  are  drilled 
at  the  same  time  as  the  intake  wells.  In  some  examples 
of  this  procedure  that  have  come  to  the  writer’s  atten- 
tion, the  oil  production  was  either  equal  to  or  somewhat 
greater  than  when  the  two  sets  of  wells  were  drilled 
simultaneously,  and  the  ratio  of  water  output  to  oil 
for  the  entire  period  of  production  was  reduced  ap- 
preciably. One  difficulty  encountered  with  this  method 
is  that  the  oil  bank  built  up  ahead  of  the  water  may 
not  develop  symmetrically  around  the  center  of  the 
pattern.  If  the  drilling  of  the  oil  wells  is  delayed  too 
long,  the  wells  commence  producing  a large  volume  of 
water  before  the  expected  quantity  of  oil  has  been  ob- 
tained. Delayed  drilling  has  not  been  used  extensively. 
Most  oil  wells  are  drilled  at  or  near  the  time  that  the 
water-intake  wells  are  completed,  and  are  started  on 
pumping  shortly  thereafter. 

For  the  most  part,  triplex  reciprocating  pumps,  direct 
or  belt-driven  by  gas  or  diesel  engines  or  by  electric 
motors,  are  used  to  force  the  water  through  the  water 
lines  and  into  the  sand.  The  main  feeders  of  distributing 
lines  commonly  are  made  of  3-in.  and  4-in.  steel  pipe, 
and  2-in.  pipe  is  used  for  lines  to  individual  wells  and 
for  tubing  in  the  intake  wells.  Pipe  capable  of  with- 
standing pressures  of  2,000  psi  is  used.  It  usually  is 
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£iven  a coat  of  bitumastic  paint  or  cement  on  the  out- 
side to  protect  it  against  corrosion.  Water  lines  have  to 
be  buried  about  30  in.  to  keep  them  from  freezing.  The 
heads  of  the  intake  wells  are  enclosed  in  boxes  filled 
with  sawdust.  With  the  pressures  currently  applied,  it 
is  necessary  to  cement  the  packer,  which  is  run  in  on 
the  2-in.  tubing,  in  place.  Formerly,  if  the  well  showed 
any  tendency  to  cave,  a 41-in.  perforated  liner,  extend- 
ing 5 ft  or  more  above  the  shot  and  belled  out  on  top 
to  serve  as  a packer  seat,  was  set  at  the  bottom  of  the 
hole.  Also  it  was  common  practice  to  run  a 2-in.  anchor 
string,  with  open-flood  collars  or  tees  below  the  packer, 
as  a means  of  setting  the  packer.  Present  trend  is  to- 
ward keeping  the  hole  below  the  packer  free  of  pipe 
so  as  to  facilitate  any  cleaning-out  operations  that  may 
become  desirable  or  necessary  during  the  life  of  the 
well.  Many  operators  place  a meter  on  each  intake  well 
to  record  the  amount  of  water  entering  the  well. 

Producing  wells  are  pumped  through  2-in.  tubing, 
using  1-in.  sucker  rods.  The  bottom  of  the  working 
barrel  usually  is  placed  opposite  the  bottom  of  the 
sand,  and  a perforated  tubing  nipple  extends  about 
5 ft  below.  The  maximum  rate  of  pumping  usually  is 
about  4i  bbl  of  fluid  per  hour.  By  increasing  the  length 
of  stroke  and  the  number  of  strokes  per  minute,  a rate 
of  51  bbl  to  6 bbl  per  hour  sometimes  is  attained  in 
wells  that  are  producing  an  exceptionally  large  volume 
of  water. 

Until  recently  the  multiple  system  of  pumping  wells 
has  been  the  most  common.  In  this  system  the  double 
eccentric-bandwheel  power  is  the  most  popular  type. 
As  many  as  30  to  40  wells  frequently  are  hooked  up 
on  one  power,  but  usually  only  16  to  20  are  pumped  at 
one  time.  Powers  are  operated  with  gas  engines,  if 
there  is  enough  gas  on  the  property;  otherwise  diesel 
engines  or  electric  motors  are  used.  The  pumping  jacks 
are  of  the  Oklahoma  type.  Inasmuch  as  there  now  is 
a shortage  of  gas  on  many  properties,  there  is  a de- 
cided trend  toward  the  use  of  individual  electric  pump- 
ing jacks  on  new  projects.  Many  of  these  are  equipped 
with  automatic  time  clocks — permitting  wells  to  be 
pumped  at  predetermined  intervals. 

Formerly  most  operators  pumped  into  a gage  tank 
set  at  the  well.  The  water  was  separated  from  the  oil 
in  this  tank— the  former  being  drawn  off  onto  the 
ground,  and  the  latter  run  into  a stock  tank  from  which 
it  went  to  the  pipe  line.  Gas  is  taken  off  at  the  casing- 
head, and  is  piped  to  the  various  power  units  on  the 
property.  Because  of  declining  supplies  of  gas  for  fuel, 
there  has  been  a decided  trend  toward  “closed  systems” 
wherein  buried  lead  lines  conduct  oil  and  water  from 
individual  wells  to  a common  gravity  separator.  Not 
only  are  substantial  quantities  of  additional  gas  re- 
covered in  this  manner,  but  evaporation  losses  at  in- 
dividual receiving  tanks  also  are  eliminated.  Provi- 
sions have  to  be  made  at  stock  tanks  for  heating  the 
oil  for  pipe-line  runs  during  the  period  of  cold  weather, 
which  usually  starts  about  the  first  of  November  and 
lasts  until  the  first  of  April. 


Operating  Practice 

Concomitant  with  the  increase  in  distance  between 
input  and  producing  wells,  pressures  at  the  face  of  the 
sand  in  the  intake  wells  also  have  been  increased.  Pres- 
sures as  high  as  1,800  psi  to  2,000  psi  at  the  face  of  the 
sand  in  the  intake  wells,  with  spacings  ranging  from 
225  ft  to  250  ft  between  intake  and  producing  wells, 
have  given  good  results  in  areas  where  permeabilities 
were  relatively  low.  Intake  wells  at  the  start  take 
anywhere  from  1 bbl  to  3 bbl  of  water  per  day  per  foot 
of  oil-bearing  sand  when  permeabilities  range  between 
2.5  and  10  millidarcys.  When  more  permeable  sand 
layers  are  present,  intake  rates  may  exceed  5 bbl  per 
day  per  foot  of  sand. 

The  rate  at  which  water  enters  the  intake  wells  is 
a maximum  at  the  start.  The  rate  then  declines,  at  first 
rapidly  and  later  more  slowly,  and  finally  may  become 
almost  constant  or  even  increase  slightly  under  ideal 
conditions  (see  behavior  of  well  “A,”  Project  6,  Fig. 
11).  When  the  decline  continues  during  the  later  stages 
due  to  the  gradual  plugging  of  the  sand,  operators  may 
clean  out  the  wells  or  increase  the  pressure,  or  both. 
Commonly,  pressures  are  raised  from  approximately 
the  hydrostatic  head  of  the  column  of  water  in  the  in- 
take wells  to  the  working  pressure  during  the  first  two 
or  three  months  that  the  flood  is  in  operation. 

According  to  Darcy’s  law,  the  rate  of  flow  through 
a sand  is  directly  proportional  to  the  pressure  gradient. 
If  the  rate  of  input  increases  more  rapidly  than  the 
rate  at  which  the  pressure  gradient  between  input  and 
output  wells  is  increased,  it  is  an  indication  that  the 
pressure  is  too  high  and  that  a breakthrough  has  oc- 
curred. It  has  been  found  that  there  is  a critical  pres- 
sure— usually  approximating  that  of  the  static  pressure 
of  the  column  of  rock  overlying  the  oil  sand — which,  if 
exceeded,  apparently  permits  the  penetrating  water  to 
expand  slightly  any  openings  along  planes  of  weakness, 
such  as  joints  and  possibly  bedding  surfaces.  Parting 
factors,  ranging  from  0.47  to  1.43  psi  per  foot  of  depth 
of  sand,  have  been  observed.12  Common  practice,  there- 
fore, is  not  to  exceed  a maximum  pressure  at  the  face  of 
the  sand  of  1 psi  per  foot  of  depth  of  the  sand.  There  is 
field  evidence  that  the  openings  resulting  from  break- 
throughs will  seal  themselves  if  the  pressure  is  dropped 
below  the  breakthrough  point,  provided  the  action  has 
not  been  in  operation  for  too  long  a period  of  time.  It 
has  also  been  found  that  the  critical  pressure  is  lower 
in  the  early  life  of  a well  and  increases  with  time,  so 
that  during  the  later  stages  of  a flood  a pressure  20 
per  cent  higher  than  at  first  may  still  be  safe. 

When  all  the  wells  are  drilled  at  about  the  same  time, 
the  life  of  a project  is  about  15  years.  Where  projects 
have  been  abandoned  sooner,  frequently  it  has  been  on 
account  of  failure  of  the  equipment  rather  than  the 
exhaustion  of  the  oil  wells.  However,  the  bulk  of  the 
oil  from  any  project  is  obtained  during  the  earlier 
stages.  In  case  of  8 projects  studied,  whose  production 
had  declined  to  an  average  of  less  than  0.25  bbl  per 
day  per  acre  (0.08  to  0.22),  and  which  had  been  in 
operation  for  an  average  of  115  years  each,  it  was 
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found  that  25  per  cent  of  the  total  production  at  the 
end  of  the  period  had  been  obtained  during  the  first  11 
years;  50  per  cent  during  the  first  21  years;  75  per 
cent  during  the  first  41  years;  and  90  per  cent  during 
the  first  7 years. 

General  practice  is  to  pump  producing  wells.  The 
face  of  the  sand  is  pumped  free  of  fluid  at  least  once 
each  day.  This  is  particularly  important  at  the  time  of 
peak  production.  Whenever  possible,  wells  are  pumped 
off  twice  a day;  and  on  some  properties,  which  are 
equipped  with  individual  electric  pumping  jacks  and 
automatic  time  clocks,  they  are  pumped  off  four  times 
a day. 

Only  one  company  operating  in  the  Bradford  Field 
has  applied  sufficient  pressure  in  the  intake  wells  to 
flow  the  producing  wells  on  a large  tract.  The  “seven- 
spot”  pattern  was  used,  with  a distance  of  240  ft  be- 
tween intake  and  producing  wells.  The  tubing  in  the 
producing,  as  well  as  in  the  intake  wells,  had  to  be 
packed  off  and  cemented  above  the  producing  sand  to 
prevent  the  loss  of  oil  through  sands  that  overlie  the 
Bradford  Third  sand.  All  the  old  wells  on  the  property 
had  to  be  plugged  carefully.  Pressures  of  from  1,900 
psi  to  2,200  psi  on  the  face  of  the  sand  in  the  intake 
wells  were  applied.  The  wells  were  about  1,500  ft  deep. 
The  producing  wells  were  flowed  for  6 hours,  at  inter- 
vals of  6 hours,  through  2-in.  tubing.  Considerable 
paraffin  separated  out  on  the  walls  of  the  tubing — 
apparently  more  than  would  have  separated  out  had 
the  wells  been  pumped.  To  prevent  the  loss  of  oil  to 
adjacent  tracts  due  to  the  higher  pressures  obtained 
in  the  sand  body,  the  boundary  wells  were  pumped. 
During  the  earlier  stages  of  the  operation,  probably 
because  of  the  presence  of  one  or  more  old  wells  that 
had  been  overlooked  or  not  plugged  properly,  or  pos- 
sibly due  to  breakthroughs  caused  by  excessive  pres- 
sures, two  oil  springs  developed  at  a considerable  dis- 
tance from  the  property.  Although  complete  data  on 
total  recovery  for  comparison  are  not  available,  the 
rate  of  production  appears  to  have  been  lower  than  it 
would  have  been  had  the  wells  been  pumped. 

Several  times  during  the  early  30’s  it  was  necessary 
to  curtail  production  to  bring  it  into  line  with  demand. 
Several  methods  were  used  to  curtail  the  production  of 
floods  already  in  operation.  In  a few  instances  the 
entire  operation  was  shut  down.  The  water  was  shut 
off  from  the  intake  wells,  and  the  producing  wells  were 
not  pumped.  Some  operators  either  shut  off  the  water 
completely  or  greatly  reduced  the  pressure  at  which 
the  water  was  admitted  to  the  intake  wells,  but  they 
continued  to  pump  off  the  water  from  the  producing 
wells.  Others  continued  to  admit  water  at  normal  or 
almost  normal  pressures,  but  only  pumped  off  water 
and  the  prorated  amount  of  oil.  The  balance  of  the  oil 
was  allowed  to  head  up  in  the  producing  wells.  The 
back  pressure  thus  developed  proved  quite  effective — 
not  only  in  cutting  down  the  rate  of  oil  production,  but 
also  in  reducing  appreciably  both  the  water  input  and 
output. 

A study  of  the  production  data  of  several  properties, 


which  were  operated  on  a curtailed  basis  during  1930 
and  1931,  indicated  that  the  smallest  losses  in  ultimate 
recovery  occurred  on  those  properties  on  which  the  ad- 
mission of  water  at  normal  or  almost  normal  pressures 
was  continued,  and  on  which  the  water  was  pumped  off 
from  the  producing  wells — curtailment  of  production 
having  been  attained  by  removal  of  only  the  prorated 
amount  of  oil;  the  balance  having  been  allowed  to  head 
up  in  the  wells. 

Selective  Plugging 

In  a type  of  sand  body  such  as  the  Bradford  Third, 
the  sand  layers  with  the  higher  effective  permeabilities 
are  watered-out  earlier  than  the  tighter  layers.  Dur- 
ing the  later  stages  of  a water-flooding  operation,  they 
contribute  little  or  no  additional  oil,  but  bypass  large 
volumes  of  water  which  are  doing  no  useful  work.  The 
water-oil  ratios  of  the  produced  liquids  may  become  so 
high  that  it  is  no  longer  economically  feasible  to  pro- 
duce the  wells,  and  the  operation  is  abandoned  with 
considerable  quantities  of  recoverable  oil  remaining  in 
the  tighter  layers.  Sometimes  the  sand  body  is  so 
heterogeneous  that  water  travels  through  the  more 
permeable  layers  with  such  ease  that,  with  the  equip- 
ment available,  it  is  not  possible  to  maintain  a suffi- 
ciently high  pressure  at  the  face  of  the  sand  in  the 
intake  wells  to  flood  the  tighter  layers.  Sand  layers 
may  also  be  present  that  possess  a low  oil  saturation 
but  which  have  a high  relative  permeability  for  water. 

Attempts  to  exclude  water  selectively  from  certain 
layers  of  sand  were  made  in  the  Bradford  Field  as  early 
as  the  late  20’s,  but  were  successful  only  locally.  Due 
to  the  fact  that  a large  number  of  intensive  water- 
flooding  projects  are  now  approaching  their  economic 
limit,  the  need  for  an  efficient  method  of  selective  plug- 
ging has  become  particularly  urgent;  and  experimental 
work,  therefore,  has  been  greatly  accelerated  in  recent 
years. 

In  the  earlier  of  the  more  recent  work,  a soft  wax 
emulsion  was  employed.  In  one  series  of  experiments, 
an  average  of  15  gal  per  well  was  used  in  118  wells, 
resulting  in  an  overall  reduction  in  intake  rate  of  around 
50  per  cent.  Of  these  wells,  16  were  failures,  for  which 
no  explanation  was  found.  Selectivity  was  attempted 
by  injecting  the  emulsion  at  lowered  pressures  in  the 
belief  that  backflow  from  the  tighter  sands  would  pre- 
vent their  being  affected.  The  temporary  nature  of  the 
intake  reduction  effected  by  these  soft  wax  emulsions 
necessitated  frequent  retreatments;  and  these  waxes, 
therefore,  have  been  largely  replaced  by  harder  and 
more  durable  plugging  agents. 

A hard  oil-insoluble  resin  emulsion,  viz.,  Dresinol,  has 
been  developed  which  seems  to  have  a more  permanent 
plugging  effect  than  the  wax.13  Up  to  August  1947  this 
resin  had  been  used  in  approximately  300  wells,  with 
only  about  5 to  10  per  cent  of  unexplained  failures. 
This  product  has  the  added  advantage  of  being  re- 
movable by  a dilute  caustic-soda  solution.  The  selec- 
tivity is  also  attempted  by  a pressure-input  reduction 
at  the  moment  the  plugging  agent  reaches  the  sand 
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face,  which  is  believed  to  cause  some  backflow  from  the 
tighter  sands  and,  therefore,  more  plugging  of  the  more 
permeable  sections. 

A considerable  amount  of  selective  plugging  work  has 
also  been  carried  on  for  the  past  two  years — using 
various  plugging  agents  in  an  oil-base  mixture.  The 
specific  gravity  of  the  mixture  and  the  coarseness  or 
fineness  of  plugging  agents  are  controlled  by  the  me- 
chanical addition  of  various  additives  at  the  well.  The 
oil-base  mixture  is  lubricated  down  the  tubing  under 
pressure,  and  the  material  is  selectively  placed  on  the 
face  of  the  sand  by  controlling  the  rate  of  injection 
and  specific  gravity  of  the  mixture.  Plugging  of  upper 
or  lower  sands  is  thus  attempted  by  making  the  mixture 
heavier  or  lighter  than  water.  Water-input  profiles, 
determined  before  and  after  plugging,  seem  to  indicate 
that  the  material  has  been  placed  as  desired.  More  than 
100  wells  have  been  treated  by  this  method,  and  bene- 
ficial results  have  been  obtained  in  all  but  a few  in- 
stances. Some  cases  have  occurred  where  the  results 
were  not  permanent,  i.e.,  the  actual  reductions  were 
not  maintained  with  time;  but  in  these  cases  at  least 
a partial  reduction  was  permanent.  Some  of  the  wells 
which  have  been  treated  had  water-intake  rates  of  as 
much  as  1,000  bbl  per  day,  and  these  were  successfully 
reduced  to  less  than  100  hbl  per  day.  The  actual  in- 
jectivity change  is  even  greater  than  is  indicated,  as 
the  use  of  substantially  higher  input  pressures  was 
possible  after  plugging.  Water-oil  ratios  have  been 
lowered,  and  actual  increases  in  oil  production  have 
been  realized;  but  in  many  instances  no  data  are  avail- 
able for  study  of  conditions  before  and  after  plugging. 
The  quantities  of  material  injected  have  varied  from 
5 gal  to  100  gal  per  well.  Most  of  the  wells  treated  by 
this  method  have  been  troublesome  wells,  with  unusually 
high  water-intake  rates. 

Water  losses  in  flooding  operations  are  sometimes  due 
to  the  presence  of  crevices,  which  may  be  of  several 
types.  Crevices  parallel  to  the  general  bedding  of  the 
formation  that  are  substantially  larger  than  the  pore 
openings  have  been  observed  occasionally  in  diamond 
cores,  in  Baker  biscuits,  and  in  chip  samples.  Slicken- 
sides  surfaces  also  have  been  observed.  Sheet-like  open- 
ings in  cores  of  the  Bradford  Third  sand,  parallel  to 
the  bedding,  seen  by  the  writer,  have  the  appearance 
of  having  been  produced  by  the  removal  of  some  soluble 
substance  along  bedding  planes  after  consolidation. 
Their  width  is  about  that  of  the  diameter  of  the  larger 
quartz  grains,  with  occasional  quartz  grains  bridging 
the  gap.  Vertical  joints  also  have  been  encountered. 
Although,  normally,  joints  are  tightly  closed  at  the 
depths  of  the  oil  sands,  this  is  not  always  the  case. 
The  writer  has  two  core  samples,  one  of  the  Venango 
Second  sand,  a relatively  shallow  oil  sand,  and  one  from 
the  Oriskany  sand,  a relatively  deep  sand.  Both  con- 
sist of  well  cemented  sandstone,  and  both  are  intersected 
by  nearly  vertical  joints.  In  the  case  of  the  Venango 
Second  sand,  a connected  sheet-like  opening  0.25  mm  to 
0.5  mm  wide  bridged  only  at  intervals,  extends  through 
the  21-in.  core.  This  joint  was  followed  for  a distance 


of  almost  7 ft  by  the  diamond  drill.  In  the  Oriskany 
sand,  the  sheet-like  opening  is  from  1 mm  to  2 nun  wide, 
but  there  is  more  bridging  from  wall  to  wall.  Some  cal- 
cite  occurs  as  a bond  in  the  Oriskany  sandstone,  part 
of  which  has  been  dissolved  along  the  joint.  Openings 
of  the  aforementioned  types,  even  if  originally  only 
microscopic  size,  represent  planes  of  weakness,  and 
may  become  slightly  enlarged  when  breakthroughs,  due 
to  excessive  pressure,  occur. 

Water  losses  may  also  occur  through  leakage  around 
packers.  It  is  customary  in  some  areas  in  the  Brad- 
ford Field  to  set  the  packer  below  an  open  non-pay  sand 
which  takes  water  readily,  or  to  pack  off  previously 
watered-out  layers.  If,  in  the  setting  of  the  packer, 
there  is  an  irregularity  in  the  circumference  of  the  hole, 
it  keeps  the  packer  from  setting  tightly;  or,  if  the 
cement  which  is  placed  on  the  top  of  the  packer  shrinks 
sufficiently  or  does  not  adhei-e  to  the  wall,  it  may  allow 
some  water  under  high  pressure  to  have  access  to  a 
part  of  the  formation  which  is  supposedly  cemented  off. 

Procedures  have  been  developed  for  bringing  crevices 
of  the  foregoing  types  under  control.  The  type  and 
character  of  the  material  used  depend  largely  on  the 
size  of  the  crevice  and  its  location  in  the  well.  Fibers 
of  various  sorts  have  been  successively  applied  in  this 
field.  The  procedures  necessary  for  the  application  of 
this  material  vary  considerably.  Such  treatment  can 
be  carried  out  only  after  a careful  study  has  been  made 
as  to  the  behavior  of  the  wells.  Work  of  this  sort 
usually  is  handled  by  a service  company. 

Interdrilling 

Studies  of  pressure  distribution  and  advance  of  flood 
front  using  an  electrolytic  model  indicate  that,  under 
ideal  conditions,  72.3  per  cent  of  the  area  of  an  indi- 
vidual sand  layer  in  a “five-spot”  development  will  have 
been  flooded  out  by  the  time  the  water  reached  the  out- 
put well.14  The  non-fiooded  regions  are  roughly  elliptical 
in  shape,  with  the  long  axes  in  line  with  the  output 
wells.15 

Many  -water-flooding  projects  in  the  Bradford  Field 
either  are  approaching,  or  have  reached,  their  economic 
limit  at  present.  A number  of  experiments,  therefore, 
are  underway  to  determine  whether  appreciable  quanti- 
ties of  recoverable  oil  have  been  bypassed  in  areas  such 
as  described  previously  herein;  and,  if  so,  how  these  can 
be  recovered  most  economically.  Such  an  experiment, 
covering  an  area  of  10.96  acres  south  of  Bradford,  is 
illustrated  in  Fig.  5.  The  original  spacing  between 
intake  and  producing  wells  was  283  ft.  In  the  experi- 
ment new  oil  -wells  have  been  drilled  half-way  between 
the  water-intake  wells  along  the  sides  of  the  original 
five-spot,  and  the  original  oil  wells  were  reshot  and 
converted  into  intake  vTells.  The  old  intake  wells  are 
continued  in  operation.  Each  new  oil  well,  therefore, 
is  at  the  center  of  a smaller  “five-spot”  unit,  with  an 
intake-to-producing- well  spacing  of  200  ft.  The  thought 
is  that  the  flooding  mechanism  in  the  partly  flooded 
elliptical  area  will  be  more  effective  in  the  direction  of 


426 


Secondary  Recovery  of  Oil  in  the  United  States 


200  500  FEET 


• PRODUCING  OIL  WELL 
(§)  WATER  INTAKE  WELL 
O NEW  OIL  WELL 

A OIL  WELL  CONVERTED  TO  INTAKE  WELL 
-4"  ABANDONED  OIL  WELL 

• OLD  WELL 
ABANDONED  OLD  WELL 

t , 1 PROBABLE  WATERED -OUT  AREAS 

Interdrilling  Experiment. 

FIG.  5 

the  long  than  the  short  axis,  as  the  converted  intake 
wells  were  completed  under  modern  shooting  methods 
and  their  intake  rates  are  higher  than  the  present 
intake  rates  of  the  old  wells.  Between  May  1,  1946, 
and  January  31,  1947,  some  6,069  bbl  of  oil,  or  an  aver- 
age of  555  bbl  per  acre,  had  been  recovered  from  the 
10.96  acres.  It  is  estimated  that  a total  of  13,500  bbl, 
or  an  average  of  1,232  bbl  per  acre,  will  have  been  re- 
covered at  the  time  the  experiment  reaches  its  economic 
limit  in  June  1950.  The  experiment  had  already  paid 
for  its  cost  by  mid-summer  of  1947. 

Water-Flooding  Operations  by  Fools 
Bradford  Pool 

The  Bradford  Pool,  discovered  in  1871,  includes  an 
area  of  approximately  84,000  acres,  about  86  per  cent 
of  which  lies  in  McKean  County,  Pennsylvania,  and 
14  per  cent  in  Cattaraugus  County,  New  York.  It  is 
estimated  that  the  total  natural  production  of  the  pool 
at  the  end  of  1946  would  have  amounted  to  213,658,000 
bbl  if  water-flooding  had  not  been  inaugurated.  This 
represents  an  average  natural  production  of  a little 
more  than  2,500  bbl  per  acre.  Average  natural  recovery 
per  acre  on  properties  in  the  richer  parts  of  the  pool 


ran  as  high  as  5,000  bbl  to  6,000  bbl,  but  rarely  exceeded 
there  figures.16  The  actual  total  production  of  the  pool 
at  the  end  of  1946  was  445,240,000  bbl,  or  5,300  bbl 
per  acre. 

The  major  subsurface  structural  features  of  the 
Bradford  Third  sand  in  the  Bradford  district  consist 
of  two  asymmetrical  anticlines  trending  northeast  and 
southwest,  plunging  southwest,  and  converging  on  the 
northeast  in  a broad  dome.  The  anticlines  are  character- 
ized by  broad  tops,  with  gentle  dips  toward  the  north- 
west and  steeper  dips  toward  the  southeast.17  Two  gas 
caps  were  found  in  the  Bradford  Pool.  The  larger  of 
these  occupied  the  Knapp  Creek  dome  in  the  northeast 
part  of  the  field.  Here  the  upper  35  ft  to  40  ft  of  the 
Bradford  Third  sand  originally  contained  considerable 
volumes  of  gas  and  little  or  no  oil.  The  sand  body  in 
much  of  this  area  has  a total  thickness  of  90  ft.  Another 
similar  gas  cap  was  found  under  a low  dome  on  a 
structural  nose  southwest  of  Rixford,  at  the  northeast 
end  of  the  southeast  lobe  of  the  pool  where  it  connects 
with  the  main  pool.  Here  the  upper  20  ft  to  25  ft  of 
sand  were  gas-bearing,  the  total  thickness  ranging 
from  45  ft  to  70  ft. 

Core  analyses  in  the  areas  occupied  by  the  gas  caps 
show  oil  saturations  of  12.5  to  20  per  cent  in  the  “gas” 
and  29  to  36  per  cent  in  the  oil  “pay.”  The  gas  “pay” 
frequently  possesses  a considerably  higher  permeability 
than  the  underlying  oil  “pay.”  In  spite  of  the  fact  that 
considerable  care  usually  is  exercised  in  packing  off 
the  gas  “pay,”  trouble  from  bypassing  of  the  water  is 
experienced  in  these  areas.  The  ratios  of  water  input 
and  water  output  to  oil  are  high. 

With  the  exception  of  wells  near  the  edges  of  the 
Bradford  Pool,  the  Bradford  Third  sand  yielded  little 
or  no  salt  water  from  wells  not  affected  by  artificial 
water  floods.  However,  there  is  a fairly  definite  oil- 
salt-water  contact  along  the  western,  southern,  and 
southeastern  margins  of  the  Bradford  Pool,  but  not  at 
any  definite  elevation.  In  the  non-productive  area  on 
the  southeastern  flank  of  the  Bradford  anticline,  where 
some  of  the  steepest  dips  in  the  field  occur,  between  the 
two  lobes  of  the  Bradford  Pool,  salt  water  with  only 
shows  of  oil  are  found  in  a thin  sand  body  interstratified 
with  numerous  shale  breaks.  Salt  water,  with  only  a 
little  oil,  occurs  in  the  sand  in  the  non-productive  area 
separating  the  Guffey  Pool  from  the  Bradford  Pool. 

In  a well  drilled  during  the  spring  of  1926,  about 
half  a mile  west  of  the  edge  of  the  Bradford  Pool  at  the 
southwest  tip  of  the  southeast  lobe,  salt  water  in  the 
Bradford  Third  sand  was  under  sufficient  head  to  rise 
1,200  ft  in  the  hole.  However,  it  entered  the  well  at 
the  rate  of  only  30  bbl  per  day,  and  was  accompanied 
by  a little  gas  and  oil.  The  water  had  a density  of  1.1, 
which  would  indicate  a reservoir  pressure  of  750  psi  at 
this  locality.  Only  half  a mile  away  in  the  Bradford 
Pool,  however,  on  an  edge  property,  where  the  pressure 
had  been  reduced  almost  to  atmospheric,  there  had  been 
no  increase  in  the  quantity  of  salt  water  produced  in 
the  wells  that  had  been  pumping  for  more  than  10 
years.  This,  no  doubt,  was  due  to  the  low  porosity  and 
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permeability  of  the  sand  and  to  the  lenticular  character 
of  the  individual  sand  layers  that  make  up  the  sand 
body. 

This  condition  apparently  prevails  throughout  much 
of  the  southern  part  of  the  Bradford  district.  South  of 
the  Bradford  Pool  there  is  considerable  area  in  which 
the  Bradford  Third  sand  contains  salt  water.  Usually 
a little  oil  and  gas  is  associated  with  it.  Around  the 
margins  of  the  pool,  the  porosity  and  permeability  of 
the  sand  are  so  low,  and  the  individual  sand  layers  are 
so  interbedded  with  shale  and  so  lenticular  in  character, 
that  no  very  large  volume  of  water  is  available  and, 
hence,  no  noticeable  edge-water  encroachment  has  taken 
place  as  the  oil  has  been  withdrawn  from  the  pool. 
What  little  salt  water  has  entered  has  come  in  so  slowly 
that  it  has  been  removed  by  pumping. 

The  Bradford  Pool  represents  a dissolved  gas-drive- 
type  reservoir.  Edge-water  encroachment  has  con- 
tributed little  to  the  natural  production  of  the  pool. 
Because  of  the  relatively  low  permeability  and  the 
broken  nature  of  the  sand  body,  it  is  doubtful  whether 
the  gas  in  the  two  gas  caps  mentioned  would  have 
contributed  much  toward  the  total  natural  production 
of  the  pool  (except  locally)  even  if  its  energy  had  been 
conserved  for  that  purpose.  A natural  water  drive 
that  would  eventually  include  a major  part  of  the  pool 
cannot  occur  in  a sand  body  possessing  the  type  of 
structure  shown  in  Fig.  4 even  if  sufficient  water  under 
pressure  is  present  in  the  sand  adjacent  to  the  pool;  nor 
can  an  expanding  gas  cap  affect  any  large  part  of  a 
pool  with  such  a sand  body. 

The  first  well  to  reach  the  Bradford  Third  sand  in 
the  Bradford  Pool  was  completed  in  November  1871, 
two  miles  northeast  of  Bradford.  The  daily  produc- 
tion was  10  bbl.  Active  development  of  the  pool,  how- 
ever, did  not  start  until  1875.  Production  mounted 
rapidly  thereafter,  until  the  peak  was  attained  in  Sep- 
tember 1880,  when  the  average  daily  production  reached 
69,000  bbl.  The  year  1881  was  the  banner  year,  with  a 
total  production  of  22,945,000  bbl.  After  1881,  a decline 
set  in,  which  was  comparatively  rapid  for  the  first  6 
years  and  then  became  more  gradual.  In  1888  the 
annual  production  was  5,300,000  bbl,  and  in  1906, 
2,000,000  bbl. 

Beginning  about  1907  the  effects  of  water  flooding 
began  to  be  noticeable  in  the  annual  production,  which 
again  commenced  to  rise — at  first  slowly  and  then  more 
rapidly  as  more  and  more  operators  adopted  the  water 
drive  after  it  had  become  legalized  in  1921.  Methods 
of  applying  it  improved  until,  in  1937,  the  annual  pro- 
duction reached  16,690,688  bbl.  In  1946  the  annual 
production  was  10,051,420  bbl.  A production  curve  for 
the  Bradford  Pool  is  shown  in  Fig.  6.  The  relations 
between  production  and  drilling  activity  and  crude-oil 
prices  in  the  Bradford  Field,  which  includes  the  Guffey 
and  Burning  Well  Pools  in  addition  to  the  Bradford 
Pool,  are  shown  in  Fig.  7. 

Field  practice  in  applying  the  water  drive  had  prog- 
ressed from  the  original  accidental  or  intentional  circle 
flood,  through  the  line  flood,  to  the  intensive  complete 


Production  Curve  of  the  Bradford  Pool. 
FIG.  6 


development  flood  by  1927.  In  the  intensive  method  of 
water  flooding,  the  five-spot  arrangement  of  wells  is  the 
one  that  has  been  used  most  extensively. 

A further  development  associated  with  the  intro- 
duction of  the  five-spot  method  of  flooding  was  the 
application  of  additional  hydraulic  pressure  to  the 
pressure  of  the  hydrostatic  head  of  the  column  of  water 
in  the  intake  well.  Prior  to  1927  the  intake  wells  were 
equipped  to  take  subsurface  water  only.  The  height  of 
the  water  table  above  the  oil  sand  determined  the  maxi- 
mum pressure  that  could  be  obtained  at  the  face  of  the 
sand  in  the  intake  wells. 

Recovery  statistics  and  other  data  for  19  water- 
flooding  projects  in  the  Bradford  Pool  are  summarized 
in  Table  1.  Their  locations  are  shown  on  the  map  in 
Fig.  1.  In  all  of  these,  the  “five-spot”  pattern,  or  a 
modification  thereof  to  fit  local  conditions,  was  used. 
The  projects  and  their  locations  are  as  follows: 

No.  1 : This  is  the  “five-spot”  development  under- 
taken by  Arthur  E.  Yahn  on  the  Kuno-Kuhn  property 
near  the  head  of  Oil  Valley  in  the  north-central  part 
of  the  Bradford  Pool.  This  was  the  first  successful 
“five-spot”  operation,  and  it  inaugurated  the  present 
intensive  method  of  water  flooding  in  the  northern 
Appalachian  oil  fields.  The  water-intake  wells  were 
completed  between  April  1927  and  May  1928;  and  the 
oil  wells,  between  August  1927  and  July  1928.  At  first 
only  subsurface  water  entered  the  intake  wells,  but  in 
November  1929  a pressure  plant  was  installed  and 
water  thereafter  was  admitted  at  the  top  of  the  wells. 
The  production  curve  (Fig.  8)  indicates  that  a sharp 
increase  in  oil  output  occurred  almost  immediately. 
The  water  plant  was  shut  down  between  June  and 
September  1930  in  order  to  curtail  production.  An 
appreciable  loss  in  oil  production  resulted. 

No.  2:  Located  in  the  north-central  part  of  the  Brad- 
ford Pooh  near  Red  Rock. 

No.  3:  In  the  north-central  part  of  the  Bradford 
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FIG.  7 


Pool,  also  near  Red  Rock.  The  relation  of  oil  and  water 
output  to  water  input  for  this  project  is  shown  in 
Fig.  9.  It  took  slightly  less  than  two  years  for  the 
flood  to  reach  the  stage  where  output  was  equal  to  input. 
The  project  consists  of  only  4 “five-spot”  units.  It  so 
happened  that  there  were  four  old  oil  wells  located 
approximately  at  their  centers.  These  were  continued 
in  operation,  and  4 new  oil  wells  were  drilled  at  dis- 
tances of  about  25  ft  from  them.  In  computing  the 
water  input,  only  one-fourth  of  the  water  entering  the 
4 corner  wells  and  one-half  of  that  entering  the  4 
side  wells  were  allocated  to  the  project.  Project  3 is 
located  in  a very  rich  part  of  the  Bradford  Pool.  An 
old  subsurface  circle  flood,  adjoining  the  project  on 
the  north,  obtained  58,239  bbl  of  oil  from  about  6.7 
acres,  or  an  average  of  8,706  bbl  per  acre.  About  27  ft 
of  oil-bearing  sandstone  were  present  in  the  circle 
flood  area.  Recovery,  therefore,  was  322  bbl  of  oil  per 
acre-foot  of  sand.18  The  later  production  data  for 
Project  3,  unfortunately,  are  not  available;  but  the 
yield,  no  doubt,  will  exceed  somewhat  that  of  the  circle 
flood  at  the  time  that  the  project  reaches  its  economic 
limit. 


No.  U : Located  in  the  north-central  part  of  the  Brad- 
ford Pool.  The  cross-section  of  the  Bradford  Third 
sand,  shown  in  Fig.  4,  was  obtained  in  connection  with 
the  development  of  this  project.  The  production  curve  is 
shown  in  Fig.  10.  The  water  pressure  has  been  kept 
reasonably  constant.  The  water  has  been  filtered,  but 
no  chemicals  were  added  until  the  summer  of  1946. 
Since  then  the  water  has  been  chlorinated  to  the  extent 
of  0.15  ppm  of  chlorine. 

No.  5:  Located  near  the  northwestern  edge  of  the 
northwest  lobe  of  the  Bradford  Pool.  Each  of  the  28 
new  wells  was  cored.  In  general,  the  sand  in  the  upper- 
most 20  ft  of  the  sand  body  has  a relatively  high  per- 
meability, from  20  to  more  than  100  millidarcys;  and 
that  in  the  remaining  part,  relatively  low,  less  than 
5 millidarcys.  The  sand  occurs  in  layers  separated  by 
shale  partings.  Over  parts  of  the  area,  a large  per- 
centage of  the  sand  has  been  watered  out  by  neighbor- 
ing subsurface  floods.  Most  of  the  new  producing  wells, 
therefore,  were  not  drilled  at  the  geometric  centers  of 
the  “five-spots,”  but  at  the  center  of  the  best  oil  accumu- 
lation in  each  “five-spot.”  Ratios  of  water  input  to  oil 
have  been  extremely  high,  viz.,  26:  1 during  January 
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TABLE  1 

Summary  of  Production  and  Other  Data  for  25  Flooding  Projects  in  Bradford 

Third  Sand 


Projeot  number 

1 

2 

3 : 4 

5 

6 

7 

8 

Area  in  acres 

25 

13.2 

9.53 

76.4 

24 

60 

43.74 

40.37 

Average  total  thiclcnesa 
of  sand  body  - feet 

48 

51 

42 

51.3 

51.7 

59 

64 

48 

Estimated  average  net  thickness 
of  oil-bearing  sandstone  - feet 

29 

34 

28 

37.2 

17.1 

39 

34 

28 

Number  of  producing  wells 

20 

7 

4 new 
4 old 

30  new 
44  old 

10  new 
12  old 

24  new 
6 old 

19 

15 

Number  of  water-intake  wells 

20 

16 

9 

48 

18 

37 

32 

23 

Pattern  used 

Five-spot 

Modified 

Five-spot 

Five-spot 

Five-spot 

Modified 

Flve-3Pot 

Five-spot 

Modified 

Five-spot 

Five-spot 

Distance  between  intake  and 
producing  wells  - feet 

190 

210 

228 

240 

140-360 
225  Avg. 

233 

226 

220 

Pressure  at  face  of  sand  in  in- 
take wells  - pounds  per  sq.in. 

625-965 

810-960 

1300 

1700-1800 

1500 

1500-2000 

1900-2000 

795-1080 

Oil  recovered  per  acre  - barrels 

7,005 

7.483 

8,500 

6,956 

2,674 

6733 

3227 

5184 

Oil  recovered  per  acre-foot  of 
net  sand  - barrels 

242 

220 

304 

187 

156 

173 

95 

185 

Length  of  period  flood  was  in 
operation  - months 

121 

69 

49 

67 

52 

123 

81 

180 

Average  dally  oil  production  per 
acre  at  end  of  period  - barrels 

.18 

.85 

• 93 

.82 

.38 

.48 

.92 

.16 

Water  input  to  oil  ratio  for 
period 

4.9  : 1 

477  : 1 

15.8  : 1 

f 

11.0  : 1 

9.0  : 1 

6.9  : 1 

Water  output  to  oil  ratio  for 
period 

1.7  : 1 

2.6  : 1 

f 



Project  Number 

9 

10 

11 

— 

12 



13  14  : 

15  : 

16  : 

Area  In  acres 

52.35 

52.35 

63.8 

89.5 

78 

10.92 

25.8 

28.8  : 

Average  total  thickness  of 
sand  body  - feet 

83 

82 

59 

20.8 

29.4 

38 

44 

41  : 

Estimated  average  net  thicknecs 
of  oil-bearing  sandstone  - feet 

49 

45 

35 

16.5 

8.8 

21 

35 

26  i 

Number  of  producing  veils 

41 

30 

50 

33  new 
13  old 

36 

6 

16  new 
6 old 

16  : 

Number  of  water- Intake  wells 

36 

30 

64 

45 

48 

12 

25 

25  : 

Pattern  used 

Five-spot 

Five-spot 

Five-spot 

Five-spot 

Modified 

.Five-spot 

Five-spot 

Flve-3pot 

Five-spot  : 

Distance  between  intake  and 
producing  wells  - feet 

188 

200 

152 

225—250 

225-300 

244 

193 

200  : 

Pressure  at  face  of  sand  in  In- 

835-1080 

835-1080 

715-1080 

1800 

1736 

1200 

800 

720-970  : 

011  recovered  per  acre  - barrels 

7,851 

7,298 

7,152 

3,535 

1,387 

2,052 

6,917 

5,879  i 

Oil  recovered  per  acre-foot  of 
net  sand  - barrels 

160 

152 

204 

214 

157 

98 

198 

226  : 

Length  of  period  flood  was  in 

165 

158 

213 

50 

62 

84 

113 

128  : 

Average  dally  oil  production  per 
acre  at  end  of  period  - barrels 

.30 

.27 

.13 

.72 

.28 

.28 

.20 

.30  ! 

Water  Input  to  oil  ratio  fcr 

S.2  : 1 

7.6  : 1 

10.3  : 1 

7.1  : 1 

12  : k 

Water  output  to  oil  ratio  for 
Derlod 

4.4  : 1 

1.0  : 1 

Project  Number 

— 

17 

IS 

— 

19 

20 

21 

22 

23 

24 

25 

Area  in  acrea 

30.6 

99.6 

34.5 

83.55 

34.9 

24.79 

143 

86.38 

118  : 

Average  total  thickness  of 

43 

19.1 

74 

45 

57 

43 

17 

9.3 

22  : 

Estimated  average  net  thickness 

28 

12.3 

31 

33 

45 

34 

12 

9-1 

19  : 

Number  of  producing  wells 

18 

43  new 

15  new 
5 old 

34  new 
7 old 

17  new 
3 old 

12 

103 

32 

37  new  i 

15  old  : 

Number  of  water-intake  wells 

25 

61 

23 

47 

26 

20 

77 

35 

53  i 

Pattern  used 

Five-spot 

Five-spot 

Five-spot 

Five-spot 

Modified 

Five-spot 

Five-spot 

Modified 

Five-spot 

Mod  if led 
Five-spot 

Modified  : 
Flvo-spot : 

Distance  between  intake  and 

200 

200  to 

224 

240 

222  Avg. 

212 

243  Avg. 

263  Abg. 

243  Avg.: 

Pressure  at  face  of  send  in  in- 

720-970 

1625-1725 

900-1550 

890-1790 

1400-1600 

1500-1600 

900 

1500 

2000  : 

Oil  recovered  per  acre  - barrels 

6,325 

908 

2,201 

6,010 

6,421 

5,755 

1,352* 

2,021 

1,393  : 

Oil  recovered  per  acre-foot  of 

226 

74 

71 

182 

143 

169 

113* 

222 

73  ! 

Length  of  period  flood  was  In 

116 

18 

112 

119 

130 

114 

118* 

107 

84  : 

Average  daily  oil  production  per 

.46 

1.05 

.04 

.47 

.22 

.08 

.31 

.19 

.46  : 

Water  input  to  oil  ratio  for 

7.8  : 1 

4.3  ; 1 

Water  output  to  oil  ratio  for 
period 

1.5  : 1 

* Does  not  include  production,  during  first  4 years,  from  30  acres  of  the  total  143 
acres,  the  development  of  which  was  started  prior  to  above  period. 


Average  daily  production  per  acre  by  months 
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Production  Curve  of  First  Five-Spot  Development  in  Bradford  Field. 

FIG.  8 
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Production  Curves  of  Projects  4 and  15 
FIG.  10 
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1944;  68:  1 during  January  1945;  102:  1 during  Janu- 
ary 1946;  88:  1 during  January  1947 ; and  131 : 1 during 
July  1947.  No  gage  has  been  kept  of  the  water  output. 

No.  6:  Located  in  the  western  part  of  the  north- 
western lobe  of  the  Bradford  Pool.  Analyses  of  3 cores 
taken  on  the  property  indicated  an  average  perme- 
ability of  5.3  millidarcys,  an  average  porosity  of  13.1 
per  cent,  and  an  average  oil  saturation  of  42  per  cent. 
A core  graph  of  the  sand  is  shown  in  Fig.  3.  Intake 
rates  on  this  project  have  remained  remarkably  uni- 
form throughout  its  history;  in  fact,  some  of  the  input 
wells  have  shown  the  slight  increase  that  would  be 
expected  from  a theoretical  standpoint  under  ideal 
conditions  (see  well  “A,”  Fig.  11).  The  water  is  ob- 
tained from  the  alluvium  along  the  west  branch  of 
Tunungwant  Creek.  Lime  is  used  to  obtain  a pH  of 
7.8,  and  this  has  been  maintained  within  the  range  of 
7.6  and  8.0.  A very  small  amount  of  alum  is  added  to 
the  water  before  it  is  filtered.  The  water  is  chlorinated. 

No.  7:  Located  in  the  western  part  of  the  north- 
western lobe  of  the  Bradford  Pool. 

No.  8,  9,  10,  and  11:  Located  in  the  central  part  of 
the  northwestern  lobe  of  the  Bradford  Pool.  Pro- 
duction curves  for  the  4 projects  are  shown  in  Fig.  11 
and  12.  Water  for  the  four  projects  is  obtained  from 


the  alluvium  of  the  east  branch  of  Tunungwant  Creek 
at  two  water  plants.  At  one  of  the  plants  the  water  is 
simply  allowed  to  settle  in  a large  tank  before  it  is  used. 
At  the  other  it  is  chemically  treated  and  filtered.  Water 
from  both  sources  is  pumped  into  the  same  distributing 
lines,  but  most  of  the  water  used  on  the  foregoing  four 
projects  has  come  from  the  unfiltered  source.  The  water 
has  become  increasingly  bad  from  the  standpoint  of  its 
corrosive  action  on  the  equipment  during  the  later 
stages  of  the  operation. 

No.  12:  Located  in  the  northeastern  part  of  the  north- 
west lobe  of  the  Bradford  Pool. 

No.  13:  Located  at  the  northeast  tip  of  the  non-pro- 
ductive area  which  divides  the  southwestern  part  of 
the  Bradford  Pool  into  two  lobes.  From  May  1,  1942 
to  June  1,  1943,  only  50  acres  were  under  development. 
After  June  1,  28  additional  acres  were  added.  This 
accounts  for  the  2 peaks  shown  on  the  production 
curve  in  Fig.  13.  The  average  daily  production  per 
acre  is  based  upon  the  entire  78  acres.  The  sand  body 
throughout  the  property  contains  numerous  shale 
breaks,  and  the  individual  sand  layers  are  tight  and 
lenticular. 

No.  H:  Part  of  a development  in  the  southeastern 
lobe  of  the  Bradford  Pool  near  the  head  of  Kendall 


Production  Curves  of  Projects  6 and  11. 
FIG.  11 


Water  Flooding  in  Pennsylvania 


o o 

O'J 


Production  Curves  of  Projects  R,  9,  and  10. 
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FIG.  12 


Creek.  A production  curve  is  shown  in  Fig.  13.  The 
project  also  is  located  in  an  area  of  tight  and  broken 
sand. 

No.  15:  Located  along  the  eastern  margin  of  the 
Rixford-dome  gas  cap,  south  of  Rixford,  in  a narrow 
belt  of  relatively  permeable  sand.  Part  of  the  sand 
possesses  porosities  of  from  24  to  26  per  cent,  a median 
grain  diameter  of  0.135  mm,  and  permeabilities  between 
209  and  228  millidarcys.  A production  curve  is  shown 
in  Fig.  10. 

No.  16  and  17:  Two  adjacent  projects  in  the  eastern- 
part  of  the  Bradford  Pool  near  Rixford. 

No.  18:  Located  at  the  eastern  edge  of  the  Bradford 
Pool.  The  production  curve  is  shown  in  Fig.  13. 

No.  19:  Located  in  the  eastern  part  of  the  Knapp 


Creek-dome  gas  cap.  The  upper  21  ft  of  sand  consist 
of  gas  “pay.”  This  was  packed  off.  The  production 
curve  is  shown  in  Fig.  13. 

Guffey  Pool 

The  Guffey  Pool  extends  over  an  area  of  about  4,410 
acres.  It  was  discovered  in  1878.  Some  of  the  larger 
wells  are  reported  to  have  started  at  30  bbl  to  100  bbl  of 
oil  per  day.  Figures  for  the  total  natural  recovery  are 
not  available.  The  pool  occurs  along  the  axis  of  the 
Simpson  anticline,  south  of  the  Bradford  Pool.  The 
anticline,  which  has  been  lowering  rather  gently  toward 
the  southwest,  increases  in  pitch  at  this  locality,  and 
forms  a rather  prominent  structural  nose.  Oil  produc- 
tion is  obtained  from  the  Bradford  Third  sand.  Con- 
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Production  Curves  of  Projects  13,  14,  18,  and  19. 
FIG.  13 
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siderable  salt  water  and  only  small  quantities  of  oil 
occur  in  the  non-productive  interval  which  separates 
this  pool  from  the  Bradford  Pool.  On  the  southeast 
side,  the  pool  extends  to  the  axis  of  the  Ormsby  syncline; 
and  considerable  quantities  of  salt  water  are  present 
in  the  sand  in  this  part.  Some  edge-water  encroach- 
ment probably  has  occurred  on  this  side  in  the  more 
permeable  layers  of  sand. 

Although  water  flooding  had  been  experimented  with 
locally  on  a relatively  small  scale  prior  to  1937,  the 
intensive  “five-spot”  method  was  not  introduced  until 
that  year.  During  the  period  from  1937  to  1946,  in- 
clusive, a total  of  3,723,450  bbl  of  oil  have  been  re- 
covered from  the  pool,  of  which  about  471,000  bbl 
represent  natural  production.  The  remaining  3,252,450 
bbl  came  from  a developed  area  of  about  1,590  acres, 
and  represent  an  average  recovery  of  2,045  bbl  per 
acre  by  water  flooding.  This  figure  will  be  increased 
somewhat,  as  only  a few  of  the  projects  had  reached 
their  economic  limit  at  the  end  of  1946.  A production 
curve  for  the  Guffey  Pool  is  shown  in  Fig.  14. 

No.  20:  Located  in  the  north-central  and  richer 

part  of  the  Guffey  Pool.  Analyses  of  3 cores  taken  on 
the  tract  indicated  an  average  permeability  of  14.5 
millidarcys,  an  average  porosity  of  14.9  per  cent,  and 
an  average  oil  saturation  of  35  per  cent.  A graph  of 
one  of  the  cores  is  shown  in  Fig.  3.  Recovery  statistics 
and  other  data  for  the  project  are  summarized  in  Table 
1,  and  a production  curve  is  shown  in  Fig.  15. 

From  an  area  of  about  275  acres  along  the  south- 
eastern edge  of  the  pool,  where  considerable  quantities 
of  salt  water  are  present,  a recovery  of  only  980  bbl  of 
oil  per  acre  had  been  obtained  at  the  time  that  the 
flood  reached  its  economic  limit.  Large  volumes  of  water 
accompanied  the  oil.  The  undertaking  was  a failure 
from  an  economic  standpoint,  but  this  was  due  in  part 


1935  1940  1945 


at  least  to  the  fact  that  not  sufficient  study  was  made 
nor  sufficient  consideration  given  to  local  sand  con- 
ditions at  the  time  the  project  was  developed. 

Burning  Well  Pool 

The  Burning  Well  Pool  has  an  area  of  about  4,100 
acres.  It  is  located  on  the  northwest  flank  of  the 
Smethport  anticline.  Oil  production  is  obtained  from 
the  Bradford  Third  sand.  Figures  for  the  total  natural 
and  water-flood  production  are  not  available.  Intensive 
water  flooding  by  the  “five-spot”  method  was  commenced 
in  1930.  In  1946  the  annual  production  was  1,193,000 
bbl.  The  major  part  of  this  oil  came  from  the  1,800 
acres  that  were  under  water  flood. 

No.  21  and  22:  Located  in  the  south-central  part 
of  the  Burning  Well  Pool.  Recovery  statistics  and 
other  data  are  given  in  Table  1.  A production  curve 
for  Project  21  is  shown  in  Fig.  15,  and  curves  showing 
the  relation  of  total  fluid  output  to  water  input  for 
Project  22  are  given  in  Fig.  9. 

A careful  record  of  water  input  and  of  oil  and  water 
output  was  kept  for  the  first  Th  years  that  Project  22 
was  in  operation.  At  the  end  of  that  period  the  average 
daily  oil  recovery  per  acre  was  down  to  0.45  bbl.  The 
average  recovery  per  acre  was  raised  only  2.9  per  cent 
during  the  following  2 years  that  the  project  was  in 
operation.  The  distance  between  water-intake  wells 
was  300  ft;  and  between  water-intake  and  oil  wells, 
212  ft.  Water  was  chemically  treated  and  filtered. 
During  the  first  51  years  a pressure  of  1,500  psi  to 
1,600  psi  was  maintained  at  the  face  of  the  sand  in  the 
intake  wells;  and,  during  the  next  2 years,  1,650  psi 
to  1,750  psi. 

The  area  selected  for  study  consisted  of  12  units 
occupying  a rectangle  1,200  ft  long  and  900  ft  wide 
in  the  middle  of  a larger  project.  This  area  consisted 
of  24.79  acres.  The  sand  body  has  an  average  thickness 
of  43  ft,  of  which  34  ft  consist  of  oil-bearing  sandstone, 
with  an  average  porosity  of  14.0  per  cent  by  volume. 
The  relation  of  oil  and  water  output  to  water  input  by 
6-month  periods  is  shown  in  Table  2 and  in  Fig.  9.  In 
the  water  input  only  one-fourth  of  the  water  that  went 
into  the  4 corner  wells  and  one-half  of  that  which  went 
into  the  10  side  wells  are  included.  It  will  be  observed 
that  it  took  5i  years  for  the  flood  to  reach  the  stage 
where  output  was  equal  to  input.  Over  the  next  2-year 
period  the  input  exceeded  the  output  by  only  3.5  per 
cent.  The  oil  recovered  at  the  end  of  the  first  5i  years 
represented  92  per  cent  of  the  total  obtained  at  the 
end  of  the  7i  years.  The  oil  recovered  during  the  7 1- 
year  period  represents  15  per  cent  by  volume  of  the 
total  capacity  of  the  reservoir. 

After  the  project  had  been  in  operation  Ih  years,  a 
well  was  drilled  halfway  between  an  intake  and  a pro- 
ducing well,  and  another  one  halfway  between  two  in- 
take wells.  A summary  of  the  analyses  of  the  2 cores 
obtained  is  given  in  Table  3.  The  amount  of  additional 
oil  recovered  by  pumping  these  wells  over  a period  of 
2 years  was  small.  It  will  be  noted  that  the  well  drilled 
between  the  two  intake  wells  was  by  far  the  better  of 


Production  Curve  of  the  Guffey  Pool. 
FIG.  14 
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FIG.  15 
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the  two,  but  that  the  water  soon  reached  it  from  the 
two  adjacent  intake  wells. 

Kings  Run  Pool 

Water  flooding  on  a modest  scale  was  started  in  1933 
in  the  Kings  Run  Pool  in  the  northeast  corner  of 
McKean  County.  The  geology  of  the  area  has  not  been 
studied  in  detail,  but  it  is  believed  that  the  producing 
sand  occurs  at  approximately  the  horizon  of  the  Brad- 
ford Third.  The  pool  is  small  in  size.  Project  23  repre- 
sents the  most  important  development.  The  development 
of  the  143  acres  included  at  the  end  of  1946  was  not 
carried  out  at  one  time,  but  has  been  spread  over  the  past 
14  years.  Therefore,  the  recovery  statistics  and  other 
data  for  the  project,  summarized  in  Table  1,  have  to  be 
interpreted  accordingly.  Unfortunately,  production  fig- 


ures for  the  first  4 years  for  the  first  30  acres  devel- 
oped are  not  available.  The  recovery  per  acre  at  the 
time  the  entire  tract  is  watered  out  will  be  considerably 
higher  than  indicated  in  Table  1.  Another  development 
has  been  started  recently  at  the  northeast  end  of  the 
Kings  Run  Pool. 

Hebron  Center  Pool 

No.  24:  Includes  almost  the  entire  area  of  the 

Hebron  Center  Pool  in  the  northwestern  part  of  Potter 
County,  a very  small  outlying  oil  pool  producing  from 
a sand  that  occurs  at  approximately  the  Bradford  Third 
sand  horizon.  Twenty  cores  taken  in  the  area  indicated 
an  average  porosity  of  14.6  per  cent,  an  average  per- 
meability of  9.37  millidarcys,  and  an  average  oil  satu- 
ration of  45  per  cent.  Recovery  statistics  and  other 
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TABLE  2 


Relation  of  Fluid  Output  to  Input  for  Project  22 

By  6-Month  Periods 
(All  figures  in  barrels) 


Oil 

Water 

Total  Fluid 

Water 

Production 

Output 

Output 

Input 

1st  six 

months 

1,604 

3 

1,607 

42,320 

2nd  six 

months 

4,031 

415 

4,446 

55,137 

3rd  six 

months 

15,340 

1,598 

16,938 

59,324 

4th  six 

months 

23,050 

3,726 

26,776 

51,509 

5th  six 

months 

26,533 

4,266 

30,819 

46,223 

6th  six 

months 

18,522 

9,450 

27,972 

38,553 

7th  six 

months 

13,266 

12,605 

25,871 

35,985 

8th  six 

months 

9,091 

15,023 

24,114 

30,114 

9th  six 

months 

6,222 

13,166 

19,386 

23,475 

10th  six 

months 

5,202 

13,656 

18,858 

20,078 

11th  six 

months 

4,091 

13,734 

17,825 

19,009 

12th  six 

months 

3,504 

14,581 

18,805 

18,306 

13th  six 

months 

3,000 

14,505 

17,505 

18,179 

14th  six 

months 

2,634 

16,025 

18,659 

20,660 

15th  six 

months 

2,358 

17,978 

20,336 

20,166 

Total 

138,466 

150,731 

289,197 

499,138 

Average  per  acre 

5,585 

6,080 

11,665 

20,135 

Total  capacity  of  reservoir  per  acre 36,928 

Total  water  input  per  acre 20,135 


Total  capacity  of  reservoir  per  acre 36,928 

Total  water  input  per  acre 20,135 


Excess  reservoir  capacity  over  input 16,793  (45  per  cent) 

Total  water  input  per  acre 20,135 

Total  oil  and  water  output  per  acre 11,665 


Excess  input  over  output 8,470 


TABLE  .3 


Core  Analyses  from  Project  22  at  Time  Flood  Was  Approaching  Economic  Limit 


No.  1 

Well  Located 
Halfway  between 
an  Intake  and  a 
Producing  Well 


No.  2 

Well  Located 
Halfway  between 
Two  Intake 
Wells 


Total  thickness  of  sand  body,  feet 46.9  44.4 

Net  thickness  of  permeable  oil-bearing  sandstone,  feet 32.5  30.4 

Average  permeability,  millidarcys 2.98  2. if 

Average  porosity,  per  cent  by  volume 14.0  13.4 

Average  oil  saturation,  per  cent 29  41 

Oil  content  per  acre  (indicated  by  core  analysis) , barrels 10,155  13,000 

Oil  in  sandstone  of  1.5  millidarcys  or  lower  permeability,  per  cent.  . 42  50 

Oil  recovered  during  2-year  period,  barrels 169  360 

Water  accompanying  oil,  barrels 10,800  6,400 
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data  are  given  in  Table  1,  and  a production  curve  is 
shown  in  Fig.  16.  Water  was  first  admitted  to  the  sand 
during  the  summer  of  1940,  and  the  last  oil  wells  were 
completed  early  in  1943. 

Glenhazel  Pool 

The  Glenhazel  Pool  is  a small  outlying  oil  pool  in 
the  northeastern  part  of  Elk  County,  which  produces 
from  an  Upper  Devonian  sand  at  approximately  the 
Bradford  Third  horizon.  A core  of  the  sand  taken  in 
the  southwestern  part  of  the  pool  possessed  an  average 
porosity  of  14.9  per  cent,  an  average  permeability  of 
19.45  millidarcys,  and  an  average  oil  saturation  of  53 
per  cent. 

No.  25:  Located  in  this  part  of  the  pool.  Recovery 
statistics  and  other  data  are  given  in  Table  1,  and 
a production  curve  is  shown  in  Fig.  16.  The  drilling 
of  the  wells  on  the  118  acres  that  were  under  flood 
in  1947  has  extended  over  a period  of  7 years.  For 
example,  10  new  wells  were  drilled  in  1943;  9 in  1944; 
8 in  1945;  8 in  1946;  and  5 in  1947.  This  method  of 
development  has  to  be  taken  into  consideration  in 
interpreting  the  production  curve  of  Fig.  16,  in  which 
the  average  daily  production  per  acre  by  months  was 
calculated  on  an  118-acre  basis. 

Clarendon  Pool 

The  Clarendon  Pool  covers  approximately  24,000  acres 
in  the  east-central  part  of  Warren  County.  The  richer 


part  is  restricted  to  about  10,000  acres — the  natural 
production  from  the  remainder  having  been  compara- 
tively light. 

The  Clarendon  sand,  as  developed  in  the  Clarendon 
Pool,  usually  consists  of  three  parts,  viz.:  thin  “cap” 
rock  consisting  of  1 ft  to  21  ft  of  well  cemented,  coarse- 
grained, conglomeritic  sandstone ; a pay  zone,  consisting 
of  8 ft  to  16  ft  of  fairly  hard,  medium-grained  white 
sandstone;  and  a lower  zone  of  finer-grained,  light-gray 
sandstone  containing  much  interbedded  shale.  The  total 
thickness  of  the  sand  body  averages  about  23  ft.  Per- 
meabilities in  the  pay  zone  range  from  5 to  100  milli- 
darcys; the  average  porosity  is  about  15  per  cent;  and 
saturations  are  appreciably  lower  than  in  the  Bradford 
Third  sand.  The  sandstone  of  the  lower  zone,  although 
it  contains  some  oil,  with  a few  exceptions,  is  extremely 
tight — with  permeabilities  mostly  less  than  1 millidarcy. 
The  sand  in  the  Clarendon  Pool  lies  about  1,000  ft 
below  stream  level. 

About  2,440  acres,  or  12  per  cent  of  the  total  area 
of  the  Clarendon  Pool,  had  been  subjected  to  water 
flooding  by  midsummer  of  1947.  The  “five-spot”  pattern 
has  been  used,  with  well  spacings  of  from  233  ft  to 
285  ft  between  water-intake  and  producing  wells. 
Pressures  applied  at  the  face  of  the  sand  in  the  intake 
wells  have  ranged  from  850  psi  to  1,300  psi.  Both  the 
upper  and  lower  parts  of  the  sand  body  are  shot  heavily. 
The  packer  in  the  input  wells  is  set  in  the  “cap  rock” 
and  usually  no  pocket  is  drilled,  as  there  have  been  in- 
stances where  water  has  been  lost  in  strata  both  above 
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Production  Curves  of  Projects  24  and  25. 
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the  “cap  rock”  and  below  the  oil  sand.  An  input  rate 
of  11  bbl  to  12  bbl  per  day  per  well  is  considered  good, 
and  6 bbl  is  about  the  average  in  territory  where  the 
total  recovery  of  oil  per  acre  is  1,500  bbl.  It  is  im- 
portant to  keep  the  water  plant  in  continuous  opera- 
tion, and  to  treat  the  water  carefully  because  of  the  low 
input  rates.  Input  rates  of  1 bbl  or  2 bbl  per  day  per 
well  do  not  result  in  successful  floods. 

With  a 233-ft  spacing  between  water-input  and  pro- 
ducing wells — 1 oil  well  for  each  21  acres — about  2 
years  elapse  before  any  effects  from  the  flood  are  notice- 
able. A peak  of  about  2 bbl  per  day  per  well  is  attained 
in  about  3 years;  and  this  rate  is  then  maintained  for  a 
period  of  from  2 to  3 years,  during  which  time  the  wells 
produce  practically  all  oil,  with  little  or  no  water. 
When  water  starts  entering  the  oil  wells,  the  oil  pro- 
duction drops  off  rapidly.  Normally,  a total  recovery 
of  about  1,500  bbl  of  oil  per  acre  is  obtained  over  a 
period  of  from  6 to  7 years.  On  one  project,  covering 
75  acres,  the  average  recovery  per  acre  was  1,800  bbl, 
and  there  have  been  a few  single  “five-spot”  units  where 
the  recovery  has  been  as  high  as  5,000  bbl.  The  irregu- 
larity of  the  sand,  both  vertically  and  laterally,  presents 
a difficult  problem  in  conducting  flooding  operations  in 
the  Clarendon  Pool. 

Klondike  Field 

The  Klondike  Field,  in  western  McKean  County,  con- 
sists of  a group  of  small  pools  which  obtain  their  pro- 
duction from  a sand  zone  that  occurs  at  the  same  geo- 
logic horizon  as  the  Clarendon  sand  of  the  Clarendon 
Pool.  In  the  Klondike  Field,  the  zone  consists  of  2 
sandstones  separated  by  a shale  break,  10  ft  to  20  ft 
thick.  The  upper  sandstone,  called  the  Watsonville, 
has  a thickness  of  from  3 ft  to  8 ft,  and  consists  of 
medium-  to  coarse-grained  white  quartz  sandstone.  The 
lower  sandstone,  called  the  “dew  drop,”  is  a fine-grained, 
light-gray,  tight  quartz  sandstone  up  to  80  ft  thick — - 
the  lower  10  ft  to  20  ft  of  which  also  produce  oil  locally. 

Between  1920  and  1932  an  old-style  “circle”  type  of 
water  flood  was  operated  in  the  Watsonville  sand  in  the 
middle  one  of  the  7 pools  comprising  the  Klondike  Field. 
The  sand  occurs  at  an  average  depth  of  1,400  ft.  The 
pool  was  discovered  in  1900.  The  discovery  well  had 
an  initial  production  of  138  bbl  of  oil  per  day.  At  the 
time  the  flood  was  started  the  pool  had  reached  its 
economic  limit  by  primary  methods. 

From  a property  that  included  an  area  of  44.25  acres, 
the  natural  production  amounted  to  71,985  bbl,  or  1,600 
bbl  per  acre.  The  subsurface  circle  flood  yielded  an 
additional  17,930  bbl,  or  400  bbl  per  acre.  Twenty-one 
new  wells  were  drilled  during  the  period  the  flood  was 
in  operation.  The  sand  under  the  property  has  an 
average  thickness  of  only  6.4  ft.  A core  taken  on  the 
tract  possessed  an  average  porosity  of  14.0  per  cent, 
and  an  average  permeability  of  616.9  millidarcys. 

Other  Operations 

Water-flooding  projects  in  1947  were  in  the  develop- 
ment stage  in  the  Bradford  Third  sand  in  the  Windfall 
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Pool  in  northeastern  McKean  County,  and  in  the  Shingle 
House  Pool  in  the  northwestern  corner  of  Potter  County. 
An  experimental  water  flood  also  was  being  started  in 
the  Haskell  sand  in  the  recently  discovered  Coryville 
Pool  in  eastern  McKean  County. 

Unsuccessful  Experimental  Projects 

A number  of  experiments  with  water  flooding  which 
have  not  proved  successful  have  been  conducted  in 
recent  years  in  pools  other  than  those  mentioned  pre- 
viously herein.  A brief  description  of  four  of  these 
follows : 

Gaines  Experiment:  The  Gaines  oil  field,  located  at  the 
extreme  western  edge  of  Tioga  County,  was  developed 
during  1899  and  1900.  The  Watrous  Pool,  the  western 
one  of  the  twTo  pools  constituting  the  field,  is  narrow 
and  long,  about  1,000  ft  by  10,000  ft,  with  the  long  axis 
trending  north  75  deg  east.  Structurally,  the  field 
occurs  on  a terrace  on  the  north  flank  of  the  Marshlands 
anticline.  In  the  pool,  the  dip  of  the  strata  averages 
about  3 deg  north  45  deg  west,  and  increases  to  8 deg 
or  more  on  both  sides.  The  Atwell  sand,  the  producing 
formation,  occurs  in  strata  of  Upper  Devonian  age, 
about  700  ft  below  the  lowest  red  beds  of  the  Catskill 
facies.  Maximum  productive  area,  as  outlined  by 
original  and  later  wells,  is  about  280  acres.  Salt  water 
occurs  in  the  sand  on  the  northwest  edge  of  the  pool,  and 
gas  and  wedging  out  of  the  sand  body  limit  oil  produc- 
tion on  the  southeast  or  updip  edge.  There  is  no  con- 
crete evidence  of  edge-water  encroachment  over  the 
period  since  discovery.  Initial  production  of  the  original 
wells  averaged  about  25  bbl  of  oil  per  day.  No  accurate 
figures  of  the  total  production  are  available,  but  the 
best  estimates  place  it  at  about  500,000  bbl,  or  an 
average  of  a little  less  than  1,800  bbl  per  acre,  up  to 
January  1942  when  water  flooding  was  first  attempted. 
At  that  time  the  production  was  down  to  about  10  bbl 
of  oil  per  day  from  approximately  80  natural  wells. 

Average  depth  of  the  top  of  the  producing  sand  is 
775  ft.  The  sand  body  is  25  ft  to  35  ft  thick.  Eleven 
cores  indicated  that  an  average  of  12  ft  of  t he  total 
thickness  consisted  of  oil-bearing  sandstone  which 
possessed  an  average  porosity  of  19  per  cent,  with  a 
maximum  of  26  per  cent;  an  average  permeability  of 
75  millidarcys,  with  a maximum  of  330  millidarcys; 
and  an  average  oil  saturation  of  45  per  cent.  The  sand 
is  uniformly  fine-grained,  and  possesses  a very  dark 
chocolate-brown  color. 

Water-flooding  experimentation  was  started  in 
October  1941,  with  the  drilling  of  two  adjacent  five-spot 
units  in  the  eastern  half  of  the  pool  and  one  five-spot 
unit  in  the  western  half.  The  intake  wells  were  spaced 
400  ft  apart,  making  the  distance  from  intake  to  pro- 
ducing well  283  ft.  New  oil  wells  were  drilled  in  the 
center  of  each  five-spot,  and  one  old  well  was  retained 
inside  one  of  the  units.  All  outside  old  wells  were  re- 
tained, and  additional  oil  wrnlls  were  drilled,  when 
necessary,  in  the  eastern  part  of  the  pool.  In  the 
western  part  all  old  oil  wells  not  inside  or  adjacent  to 
the  five-spot  unit  were  plugged  before  flooding  began. 
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This  setup  left  56  producing  wells,  of  which  18 — cover- 
ing an  area  of  about  20  acres — should  have  been  alfected 
by  the  water  drive. 

Water  was  first  applied  in  April  1942,  with  a pressure 
of  464  psi  at  the  face  of  the  sand  in  the  intake  wells. 
The  pressure  was  raised  to  714  psi  at  the  face  of  the 
sand  over  a period  of  25  days,  and  since  then  has  been 
raised  to  a maximum  of  864  psi  over  a period  of  5 years. 
Untreated  water  from  a sandstone  occurring  200  ft  to 
300  ft  below  stream  level  has  been  used.  Intake  rates 
ranged  from  40  bbl  to  70  bbl  per  well  per  day  at  the 
715  psi  sand-face  pressure;  and  had  declined  to  between 
5 bbl  and  15  bbl  per  well  per  day  at  the  end  of  1946, 
with  a sand-face  pressure  of  864  psi.  A peak  produc- 
tion of  24  bbl  of  oil  per  day  from  the  56  producing 
wells  was  reached  in  July  1942,  3 months  after  the 
water  had  been  turned  in.  Production  during  the  latter 
half  of  1942  averaged  21  bbl  per  day.  In  1943  the  aver- 
age daily  production  was  16  bbl;  in  1944,  151  bbl;  in 
1945,  13  bbl;  and  in  1946  it  was  down  to  9i  bbl,  or  about 
equal  to  the  natural  production  at  the  time  the  experi- 
ment was  started. 

Two  possible  causes  for  the  failure  of  the  experiment 
have  been  suggested.  The  crude  of  the  Watrous  Pool 
is  a paraffin-base  oil,  with  a gravity  of  44.3  deg  API, 
a viscosity  of  4.58  centipoises  at  59  deg  F,  and  a paraffin 
point  of  57  deg  F.  The  formation  temperature  is  59 
deg  F.  The  proximity  of  the  formation  temperature  to 
the  paraffin  point  of  crude  oil  suggests  the  possibility 
that  part  of  the  oil  saturation  reported  in  the  core 
analyses  consists  of  paraffin  wax  that  cannot  be  re- 
covered by  water  flooding.  Calhoun  and  Yuster19  found 
some  evidence  to  corroborate  this  hypothesis.  On  the 
other  hand,  the  water-oil  ratios  of  many  of  the  natural, 
as  well  as  of  the  flood,  wells  are  high.  Although  the 
chloride  content  of  the  water  in  some  wells  is  relatively 
high,  in  many  it  is  relatively  low.  This  would  seem  to 
indicate  that  improperly  plugged  wells,  which  had  been 
abandoned,  permitted  fresh  water  to  enter  the  sand 
and  to  water  out  extensive  areas  prior  to  the  start  of 
the  experiment.  This  may  be  the  explanation  as  to  why 
the  water  drive  has  moved  water  through  the  sand 
rather  than  oil. 


ducted  in  one  of  the  small  Bradford  Second  sand  pools 
along  the  west  branch  of  Tunungwant  Creek.  Two 
water-intake  wells  were  drilled  700  ft  apart;  and  one 
oil  well,  located  halfway  between  them,  in  the  midst  of 
4 old  oil  wells,  250  ft  to  350  ft  distant  from  it.  The 
top  of  the  sand  was  encountered  at  a depth  of  1,427  ft 
in  the  oil  well.  Water  was  obtained  from  a well  along 
the  creek,  and  was  not  filtered.  A pressure  of  675  psi 
was  maintained  at  the  face  of  the  sand  in  the  intake 
wells. 

The  Bradford  Second  sand  had  a total  thickness  of 
66.9  ft  in  the  oil  well,  of  which  44.2  ft  consisted  of  oil- 
bearing sandstone.  A core  analysis  showed  very  high 
permeabilities  and  low  and  erratic  oil  saturations  when 
compared  with  Bradford  Third  sand.  The  average 
porosity  was  12.58  per  cent;  the  average  permeability, 
488.39  millidarcys;  and  the  average  oil  saturation,  29.2 
per  cent.  Porosities  ranged  from  6.04  to  17.64  per  cent; 
permeabilities,  from  0.03  to  3,165.00  millidarcys;  and 
oil  saturations,  from  13.2  to  45.9  per  cent. 

The  results  of  the  experiment  are  plotted  graphically 
in  Fig.  17.  The  oil  well  was  completed  about  the  middle 
of  July  1936,  but  water  was  not  introduced  into  the 
intake  wells  until  early  in  February  1937.  Total  output 
of  the  oil  well  at  the  time  the  water  was  admitted 
amounted  to  473  bbl  of  oil  and  459  bbl  of  water.  A 
sharp  increase  in  water  output  occurred  during  June, 
4 months  after  the  water  had  first  been  admitted;  and 
thereafter  oil  production  declined  and  water  output 


West  Branch  Experiment : Several  small  oil  pools 

have  been  developed  in  the  Bradford  Second  sand  along 
the  northwestern  edge  of  the  Bradford  Pool.  Locally, 
the  sand  has  a thickness  of  about  60  ft  in  the  area,  and 
in  places  is  relatively  free  from  interbedded  shale.  The 
upper  two-thirds  consists  of  medium-  to  coarse-grained, 
light-gray  to  almost  white  quartz  sandstone,  with  some 
small  well-rounded  quartz  pebbles  up  to  4 mm  in  diame- 
ter. The  lower  one-third  is  light  brown  in  color  and  finer 
in  texture.  The  sandstone  is  only  slightly  calcareous, 
but  has  been  thoroughly  cemented  by  secondary  silica. 
In  the  productive  areas,  the  initial  yield  of  wells  was 
frequently  as  high  as  25  bbl  per  day,  and  the  wells 
proved  to  be  long-lived.  Outside  the  productive  areas, 
shows  of  oil  and  some  salt  water  are  commonly  reported. 

During  1936  and  1937  a small-scale  water-flooding 
experiment,  employing  a 2-way  drive  only,  was  con- 


Production Curves  of  Two  Experimental 
Floods. 

FIG.  17 
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increased  rapidly  until  the  water  was  shut  off  during 
the  latter  part  of  July.  During  July  the  average  daily 
oil  production  was  0.85  bbl;  and  the  water  output,  39 
bbl.  After  the  water  had  been  shut  off,  oil  production 
declined  rapidly,  and  there  was  also  a marked  decline  in 
water  output.  When  the  operation  was  stopped,  2 
months  later,  the  oil  well  was  producing  0.2  bbl  of  oil 
per  day  and  11  bbl  of  water.  During  the  13  months 
that  the  well  was  in  operation,  it  produced  741  bbl  of 
oil  and  3,021  bbl  of  water;  of  which  at  least  473  bbl  and 
459  bbl,  respectively,  represented  natural  production. 
The  average  daily  water  input  of  the  2 intake  wells  was 
300  bbl  and  820  bbl,  respectively. 

Clintonville  Experiment : The  Bullion-Clintonville  oil 
pool,  in  the  Venango  Second  sand,  is  located  in  the 
southwestern  part  of  Venango  County.  It  includes  a 
proved  productive  area  of  11,500  acres.  Active  develop- 
ment commenced  in  1897.  The  initial  production  of  the 
wells  was  small,  generally  5 bbl  to  25  bbl  per  day.  The 
oil  has  an  API  gravity  of  from  33.8  to  34.4  deg,  and 
a relatively  high  viscosity.  Apparently  no  excess  gas 
was  present  in  the  reservoir.  None  of  the  wells  flowed 
naturally.  Typically,  the  “pay”  sand  is  a uniform  fine- 
to  very  fine-grained,  white  sandstone,  about  10  ft  thick. 
Locally,  pebble  lenses  occur  at  the  top.  Over  most  of 
the  pool  a medial  shale  break  divides  the  sand  body 
into  upper  and  lower  layers.20  The  sand  occurs  at  a 
depth  of  about  950  ft. 

Three  rather  extensive  water-flooding  projects  have 
been  undertaken  in  the  Bullion-Clintonville  Pool  in  re- 
cent years.  In  the  first  of  these,  83.5  acres  were  de- 
veloped by  drilling  17  water-intake  wells  and  6 pro- 
ducing wells.  A five-spot  pattern  was  used,  with  a dis- 
tance of  425  ft  between  intake  and  producing  wells. 
The  sand  body  had  an  average  total  thickness  of  12  ft, 
of  which  10  ft  consisted  of  oil-bearing  sandstone.  A 
pressure  of  1,137  psi  was  maintained  at  the  face  of  the 
sand  in  the  intake  wells.  At  the  end  of  15  months,  the 
oil  recovered  per  acre  amounted  to  only  2 bbl,  or  0.2  bbl 
per  acre-foot  of  net  sand.  The  average  daily  oil  pro- 
duction per  acre  at  the  end  of  the  jieriod  was  0.19  bbl. 
Ratios  of  water  output  to  oil  were  extremely  high. 

Project  2 covered  73.4  acres,  and  included  26  water- 
intake  wells  and  16  oil  wells.  The  five-spot  pattern 
used  had  a distance  of  325  ft  between  intake  and  produc- 
ing wells.  Average  total  and  net  sand  thicknesses  were 
the  same  as  in  Project  1.  A pressure  of  1,200  psi  was 
maintained  at  the  face  of  the  sand  in  the  intake  wells. 
At  the  end  of  29  months  only  10.8  bbl  of  oil  per  acre 
had  been  recovered,  or  1.08  bbl  of  oil  per  acre-foot  of 
net  sand.  The  average  daily  oil  production  per  acre  at 
the  end  of  the  period  was  1.12  bbl.  Ratios  of  water  out- 
put to  oil  were  high.  Two  cores  taken  on  Project  2 pos- 
sessed average  porosities  of  18  and  21  per  cent;  average 
permeabilities  of  80  and  218  millidarcys;  and  oil  satura- 
tions of  26  and  33  per  cent,  respectively.  From  the 
core  analyses,  a recovery  of  850  bbl  and  1,000  bbl  per 
acre,  respectively,  was  estimated  on  the  basis  of  a final 
25-per-cent  residual-oil  saturation. 

There  was  some  evidence  at  the  time  the  projects  were 


started  that  parts  at  least  of  the  sand  body  were 
watered-out  through  improperly  plugged  wells  which 
had  been  abandoned.  This  was  more  obvious  on  Proj- 
ect 1 than  on  Project  2.  Water-input  rates  were  satis- 
factory from  the  standpoint  of  water  injected  per  foot 
of  sand,  but  considerably  lower  than  what  would  be 
expected  from  the  air  permeabilities  exhibited  by  the 
cores.  Small  amounts  of  clay  minerals  were  observed 
in  the  interstices  of  the  sandstone  in  some  of  the  core 
samples.  The  water  available  for  flooding  purposes 
in  the  region  is  relatively  high  in  iron  content,  and  there 
was  some  evidence  of  sand-face  plugging  in  the  intake 
wells. 

Project  3 consists  of  17  water-intake  wells  and  21 
producing  wells  that  are  affected  by  the  water  drive. 
A five-spot  pattern,  with  a distance  of  325  ft  between 
intake  and  producing  wells,  is  being  used.  A pressure 
of  1,360  psi  is  being  applied  at  the  face  of  the  sand  in 
the  intake  wells.  The  average  total  thickness  of  the 
sand  body  is  9 ft,  of  which  7 ft  consist  of  oil-bearing 
sandstone.  During  the  first  27  months  an  average 
total  of  400  bbl  of  oil  per  acre,  or  57.1  bbl  per  acre-foot 
of  net  sand,  had  been  recovered  from  the  area  affected 
by  the  water  drive.  The  project  was  still  active  dur- 
ing 1947. 

Franklin  Experiment : The  Franklin  heavy-oil  field 
is  located  in  the  central  part  of  Venango  County.  Ac- 
tive development  began  in  1869,  and  reached  its  peak 
before  1875.21  During  the  period  from  1875  to  1939,  in- 
clusive, the  field  produced  3,028,900  bbl  of  oil  from 
6,820  acres,  or  an  average  of  444  bbl  per  acre.  The  oil 
occurs  in  the  Venango  First  sand.  It  is  heavier  than 
most  Pennsylvania  crudes,  possessing  an  API  gravity 
of  32.5  deg  and  a viscosity  of  40  centipoises  at  70  deg  F. 
It  is  prized  for  its  large  percentage  of  high-grade  lubri- 
cating oil.  The  Venango  First  sand  is  essentially  a 
quartz  sandstone,  ranging  in  texture  from  fine-grained 
to  conglomeritic.  Initial  production  of  the  earlier  wells 
ranged  from  a fraction  of  a barrel  to  about  150  bbl 
per  day.  Salt  water  in  large  quantities  is  present  in 
the  sand,  the  chloride  content  ranging  from  5,200  ppm 
to  55,000  ppm.  Locally,  considerable  volumes  of  fresh 
water  have  entered  the  sand  through  improperly 
plugged  wells  or  through  leaky  casing. 

An  experimental  water  flood,  consisting  of  a single 
five-spot  unit,  was  conducted  during  1937  in  the  western 
part  of  the  Franklin  Pool,  the  most  important  of  the  4 
pools  comprising  the  Franklin  heavy-oil  field.  1 he  re- 
sults obtained  are  shown  graphically  in  Fig.  17.  The 
project  was  located  about  2 miles  due  west  from  the 
Franklin  experimental  mine  shaft."  The  five-spot  unit 
included  1.1  acres.  The  sand  had  an  average  depth  of 
about  430  ft  and  a thickness  of  44.5  ft,  of  which  44  ft 
consisted  of  oil-bearing  sandstone.  The  sand  in  well 
“A”,  which  was  cored,  had  an  average  porosity  of  12.9 
per  cent,  an  average  permeability  of  61  millidarcys, 
and  an  average  oil  saturation  of  28.3  per  cent.  The 
maximum  permeability  measured  was  681  millidarcys. 
An  average  pressure  of  550  psi  at  the  face  of  the  sand 
was  maintained  in  the  intake  wells,  but  this  was  not  the 
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same  in  the  4 wells.  In  order  to  equalize  input  rates, 
a pressure  regulator  was  installed  at  each  well.  Dur- 
ing the  9 months  that  the  oil  wells  were  in  operation  a 
total  of  330  bbl  of  oil  per  acre  was  recovered.  The  ratio 
of  water  input  to  oil  was  26:1;  and  the  ratio  of  water 
output  to  oil,  20:1.  Only  one-fourth  of  the  water  in- 
jected into  the  four  intake  wells  has  been  included  in 
the  water  input-oil  ratio.  Well  “E”  was  watered  out  at 
the  end  of  this  period.  Well  “C”  was  still  producing 
at  a rate  equivalent  to  0.75  bbl  per  acre  per  day,  but 
had  a ratio  of  water  output  to  oil  of  36:1.  Between  May 
15  and  August  26,  the  chloride  content  of  the  water 
from  well  “E”  dropped  from  21,000  ppm  to  9,800  ppm, 
and  that  from  well  “C”  dropped  from  53,600  ppm  to 
28,800  ppm  between  April  19  and  December  30. 

Reserves 

Approximately  231,582,000  bbl  of  oil  had  been  recov- 
ered by  water  flooding  from  the  Bradford  Pool  by  the 
end  of  1946,  and  it  is  estimated  that  another  78,127,000 
bbl  will  be  obtained  before  the  entire  pool  has  been 
flooded.  About  19,500  acres,  from  which  a recovery  of 

1.500  bbl  or  more  per  acre  can  be  expected,  remained  to 
be  developed.  Of  the  total  reserve,  28  per  cent  occurs 
in  areas  already  developed,  63  per  cent  in  undeveloped 
areas  that  will  yield  2,500  bbl  or  more  per  acre,  and  9 
per  cent  in  areas  that  will  yield  about  1,500  bbl  per 
acre.  These  reserves,  no  doubt,  will  be  increased  some- 
what by  such  practices  as  selective  plugging  and  inter- 
drilling which  have  been  introduced  only  recently  in 
field  practice,  as  well  as  other  techniques  now  in  the 
experimental  stage  of  development. 

The  Guffey  Pool  had  produced  3,252,450  bbl  of  oil 
through  water  flooding  at  the  end  of  1946.  About  2,800 
of  its  4,400  acres  remained  to  be  developed.  The  recover- 
able reserve  of  the  pool  is  estimated  to  be  6,467,000  bbl, 
about  one-third  of  which  is  in  territory  that  will  not 
yield  much  more  than  1,500  bbl  per  acre. 

No  figures  are  available  for  the  total  oil  production 
which  has  already  been  obtained  from  the  Burning  Well 
Pool  by  water  flooding.  Of  the  total  3,200  acres,  about 
1,400  acres  remain  to  be  developed,  and  these  will  yield 

2.500  bbl  or  more  of  oil  per  acre.  The  undeveloped  re- 
coverable reserve  is  estimated  at  4,350,000  bbl. 

The  Windfall  Pool  covers  an  area  of  925  acres,  of 
which  680  acres  probably  will  yield  1,500  bbl  or  more 
of  oil  per  acre  by  water  flooding.  The  undeveloped  re- 
coverable reserve  of  the  Windfall  Pool  is  estimated  to 
be  969,000  bbl. 

It  is  estimated  that  about  7,500  acres  remain  to  be 
developed  in  the  Clarendon  Pool,  and  these  will  yield 

1.500  bbl  or  more  of  oil  per  acre  by  water  flooding.  An 
undeveloped  recoverable  reserve  of  about  10,500,000  bbl, 
therefore,  remains  in  this  pool. 

A total  reserve,  recoverable  by  present  water-flooding 
methods  under  the  existing  price  structure,  of  100,- 
500,000  bbl  of  oil  is  indicated  for  the  northern  Pennsyl- 
vania oil  fields.  This  is  believed  to  be  a conservative 
estimate.  Several  of  the  smaller  pools  in  which  suc- 


cessful water-flooding  projects  are  in  operation  have 
not  been  included,  as  their  exact  areas  are  not  known 
and  their  reserves  are  small.  Others,  such  as  the  Cooper 
and  the  Kane  sand  pools,  have  been  omitted  because  it 
is  not  established  at  this  time  that  they  will  prove 
amenable  to  water  flooding. 

A number  of  attempts  have  been  made  in  recent  years 
to  flood  the  Venango  sands,  in  the  middle-oil  district  of 
Pennsylvania,  by  the  modern  intensive  methods  de- 
veloped in  the  Bradford  Field.  None  of  these  has  been 
successful.  The  water  output  of  the  producing  wells  has 
increased,  with  little  or  no  appreciable  increase  in  oil 
production.  This  does  not  mean  necessarily  that  no 
pools  exist  in  the  middle  and  southwestern  oil  districts 
of  Pennsylvania,  nor  that  they  will  not  respond  to  water 
flooding.  For  many  of  these  pools,  the  information  avail- 
able is  so  scanty  that  considerable  exploratory  and  ex- 
perimental work  will  have  to  be  conducted  to  determine 
whether  any  of  the  potential  reserves  of  oil  remaining 
in  them  can  be  recovered  by  water  flooding. 
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